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CHAPTER 4 DOSIMETRY OF PARTICULATE
MATTER

(verall Conclusions regarding the Dosimetry of Particulate Matter (PM)
Our basic understanding of the mechanisms of particle deposition and clearance has not changed
since the last PM ISA (U5 EPA 2009) However. comparisons of deposition across species have
improved. Evidence in this review also better quantifies the fraction of inhaled particles reaching
the lungs and particle translocation from the respiratory tract,
Evidence included in this review shows a smaller fraction of inhaled air enters though the nose of
children relative to adults. This, in combination with lower nasal particle deposition efficiency in
children compared to adults. results in a greater fraction of inhaled PM reaching and potentially
depositing in the lungs of children relative to adults.
New dosimetric information shows that PM i, overestimates the size of particles likely to enter the
human lung New dosimetric information that improves interspecies extrapolations. quantifies the
fraction of inhaled PM entering the lungs of humans and rodents.
New information. altering a conclusion i the last PM ISA  shows that particle translocation from
the olfactory mucosa via axons to the olfactory bulb may be important 1n humans.
New data show translocation of gold nanoparticles from the human lung into circulation. Of
deposited particles. a small fraction (0.053%) eliminated via urine is quantitively similar between
humans and rodents. New rodent data show that the fraction (=0 2% for particles 5 200 nm) of
nanoparticle translocation from the lungs is particle size dependent and that eastrointestinal tract
absorption of particles is a minor route into circulation.

4.1 Introduction

Particle dosimetry refers to the characterization of deposition, translocation, clearance, and
retention of particles and their components within the respiratory tract and extrapulmonary tissues. This
chapter summarizes basic concepts presented in dosimetry chapters of more recent PM AQCDs (U.S.
EPA. 2004, 1996) and the PM ISA (U.5. EPA, 2009), and updates the state of the science based upon new

literature appearing since publication of these PM assessments. Although the basic understanding of the

mechanisms governing deposition and clearance of inhaled particles has not changed, there is significant
additional information on the role of certain biological determinants such as sex, age, and lung disease on

deposition and clearance.

Relative to the last PM ISA (U.S. EPA, 2009), extra emphasis is placed on differences between

children and adults. In general, children breathe less through the nose and have less deposition in the

extrathoracic airways than adults. This leads to a relatively higher concentration of PM reaching the lower
airways of children than adults. Much of the literature described in this chapter supporting differences in
route of breath as a function of age and sex comes from older literature that was not included in prior
reviews. Additionally, substantially more particle translocation data have become available on the extent
of inhaled material is detected in organs. Some studies have evaluated whether translocation is due to
direct air-blood barrier translocation from the lung versus gastrointestinal uptake of particles or
solubilization with subsequent movement to organs. There are also limited data on transplacental
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movement of particles. Although only a small portion of insoluble particles translocate to extrapulmonary
organs, their translocation can be rapid (<1 hour) and is siz¢ dependent. Translocation of particles
depositing on the olfactory epithelium to the olfactory bulb is also now recognized as a potentially
important route of movement to the brain for insoluble particles (<200 nm) or soluble components of any

sized particle in humans as well as rodents.

The dose from inhaled particles deposited and retained in the respiratory tract is governed by a
number of factors. These include exposure concentration and duration, activity and breathing conditions
(e.g., nasal vs. oronasal and minute ventilation), and particle properties (e.g., particle size, hygroscopicity,
and solubility in airway fluids and cellular components). The basic characteristics of particles as they
relate to deposition and retention, as well as anatomical and physiological factors influencing particle
CHAPTER 6 of the 2004 PM AQCD. Species differences between humans and rats in particle exposures,
deposition patterns, and pulmonary retention were also reviewed by Brown et al. (2003). New to this

review, similarities in particle deposition among several species are provided. Other than a brief overview
in this introductory section, the disposition (i.¢., deposition, absorption, distribution, metabolism, and
elimination) of fibers and unique nano-objects (¢.g., hollow spheres, rods, fibers, tubes) is not reviewed

occupational settings rather than the ambient environment.

The deposition by interception of micro-sized fibers was briefly discussed in the 1996 and 2004
PM AQCD, but fiber retention in the respiratory tract was not addressed. Airborne fibers (length/diameter
ratio >3), can exceed 150 pum in length and appear to be relatively stable in air. This is because their
acrodynamic size 1s determined predominantly by their diameter, not their length. Fibers longer than
10 um can deposit by interception and when aligned with the direction of airflow may penetrate deep into
the respiratory tract. Once deposited, macrophage mediated clearance is the primary mechanism of
removing micro-sized particles from the pulmonary region. The length of fibers can, however, affect their
phagocyvtosis and clearance. For example, fibers of >17 um in length are too long to be fully engulfed by

Erdelv et al.. 2006). The ability of fibers, particularly small ones (<5 um length and <0.25 pm diameter),

to translocate from the lungs to the parietal pleura, liver, and kidney is reviewed by Miserocchi et al.

(2008). Further discussion of the fiber disposition in the respiratory tract is beyond the scope of this
chapter.

The term “ultrafine particle™ has traditionally been used by the aerosol research and inhalation
toxicology communities to describe airbomne particles or other laboratory generated aerosols used in
toxicological studies that are <100 nm in size (based on physical size, diffusivity, or electrical mobility).
Generally consistent with the definition of an ultrafine particle (UFP), the International Organization for
Standardization (ISO) define a nanoparticle as an object with all three external dimensions in the

nanoscale, 1.¢., from approximately 1 to 100 nm (ISQ, 2008). The ISO also defined a nano-object as a
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material with one or more external dimensions in the nanoscale. The terms, nanoparticle and UFP, have
been used rather synonymously in the toxicological literature. Within this chapter the usage of UFP or
nanoparticle s restricted to particles have physical diameter or mobility diameter (the size of a sphere
having the same diffusivity or movement in an electrical field as the particle of interest) less than or equal

100 nm, whereas other chapters may extend the definition to <0.30 um (Section P.3.1 and

Section 2.4.3.1).

41.1 Size Characterization of inhaled Particles

Particle size is a major determinant of the fraction of inhaled particles depositing in and cleared
from various regions of the respiratory tract. The distribution of particle sizes in an aerosol is typically
described by the lognormal distribution (i.c., the situation in which the logarithms of particle diameter are
distributed normally). The geometric mean is the median of the distribution, and the variability around the
median is the geometric standard deviation (GSD or o).

The particle size associated with any percentile of the distribution, di, is given by:

d;, = dsy, GE(P)

Equation 4-1

where: z(P) is the normal standard deviate for a given probability. In most cases, the acrosols to
which people are naturally exposed are polydisperse. By contrast, most experimental studies of particle
deposition and clearance in the lung use monodisperse particles (GSD <1.15). Ambient acrosols may also
be composed of multiple size modes, each mode should be described by its specific median diameter and
GSD.

Acrosol size distributions may be measured and described in various ways. When a distribution is
described by counting particles, the median 1s called the count median diameter (CMD). On the other
hand, the median of a distribution based on particle mass in an acrosol is the mass median diameter
(MMD). Impaction and sedimentation of particles in the respiratory tract depend on a particle’s
acrodynamic diameter (d..), which is the size of a sphere of unit density that has the same terminal
settling velocity as the particle of interest. The size distribution is frequently described in terms of d.. as
the mass median aerodynamic diameter (MMAD), which is the median of the distribution of mass with
respect to acrodynamic equivalent diameter. Alternative descriptions should be used for particles with
actual physical sizes below ~0.5 um because, for those sized particles, acrodynamic properties become
less important and diffusion becomes ever more important. For these smaller particles, their physical
diameter or CMD are typically used since diffusivity is not a function of particle density. For small
irregular shaped particles and aggregates, the diameter of a spherical particle that has the same diffusion
cocfficient in air as the particle in question is appropriate, i.€., a thermodynamic diameter. Unless stated
otherwise, all particle diameters in the text of this chapter that are >0.5 um are acrodynamic diameters.
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All particle diameters <0.1 pum are a thermodynamic diameter. A few studies provide UFP deposition data
and continue to monitor deposition to diameters of 0.2 to 0.3 um. Those larger 0.2 to 0.3 um particles
should be assumed to be thermodynamic diameters. Within this chapter, plots of predicted particle
deposition with particles between 0.1 and 0.5 um were simulated assuming unit density spheres so that

the physical, thermodynamic, and acrodynamic diameters are the same.

A number of papers have become available that assess the deposition and translocation of very
small nanoparticles below 10 nm in diameter (see Section 4.3.3). Calculation of particle surface area for
micron sized particles have are general calculated as nd?. Specific surface area (i.e., normalized to particle
mass) 1s 6/(pd), where p is particle density. However, when particle diameter is below 10 nm, this means
of estimating surface area become mmprecise. Below 10 nm, it becomes necessary to consider the

angularity of the surface in particles consisting of a small number of atoms (Janz et al., 2010). It is also

interesting to consider the number of atoms in some of the newer nanoparticle literature. For instance,
considering gold nanoparticles, a 1.2 nm particles contain 35 gold atoms, a 1.4 nm particle has 55 gold

atoms, and a 1.8 nm particle has 150 gold atoms (Pan et al., 2007).

41.2 Structure and Function of the Respiratory Tract

41.21 Anatomy

terms extrathoracic (ET) region and upper airways or upper respiratory tract are used synonymously. The
terms lower airways and lower respiratory tract are used to refer to the thoracic airways, i.¢., the
combination of the tracheobronchial (TB) region which is the conducting airways and the alveolar region
which is the functional part or parenchyma of the lung. A review of interspecies similarities and
differences in the structure and function of the respiratory tract is provided by Phalen ¢t al. (2008).

Although the structure varies, the illustrated anatomic regions are common to all mammalian species with
the exception of the respiratory bronchioles. Respiratory bronchioles, the transition region between
ciliated and fully alveolated airways (i.¢., alveolar ducts and sacs), are found in humans, dogs, ferrets,
cats, goats, and monkeys (Phalen et al., 2008; Phalen and Oldham. 1983). Respiratory bronchioles are

absent in rats and mice and abbreviated in hamsters, guinea pigs, rabbits, oxen, sheep, and pigs (Phalen et
al., 2008; Phalen and Oldham, 1983). The branching structure of the ciliated bronchi and bronchioles also

differs between species from being a rather symmetric and dichotomous branching network of airways in

humans to a more monopodial branching network in other mammals including monkeys.
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Figure 4-1. Diagrammatic representation of human respiratory tract regions.

The development of the lung is not complete at birth. Prior to the work of Dunnill (1962), there
were two competing opinions as to whether the lung was: (1) fully developed at birth and simply
increased in volume by increasing dimensions of the airways and alveoli or (2) increased in volume by
the creation of new units (alveoli and alveolar sacs) within the distal lung. Based on postmortem
morphometric analysis of 20 lungs from 10 children, DBunnill (1962} concluded there was continued
creation of new alveolar sacs and alveoli from birth to 8 years of age. This conclusion, in part, was based
on the observation that the number of alveoli in the 8-year-old child was close to that observed in an adult
male. After about 8 years of age, the continued increase in lung volume was presumed due to increased

airway and alveolar dimensions. In a larger study 36 boys and 20 girls ranging from 6 weeks to 14 years

of age, Thurlbeck (1982) concluded that the creation of new alveoli continued until at least 2 years of age,
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but that there is considerable variability in the number of alveoli among individuals and a considerably

lead Thurlbeck (1982) to question whether the lungs of 8 year old child in the Dunnill (1962) study would
have continued to grow with creation of additional alveoli. Although it was clear from these studies that

new alveoli were created in humans postnatally, it was unclear when this process ceased.

Recent work shows postnatal creation of alveoli into young adulthood occurs in multiple

mammalian species. The prenatal and postnatal creation of alveoli is synonymously termed alveogenesis,

alveologenesis, and alveolarization in the literature (Bourbon et al., 2005). Lewin and Hurtt (2017) review
six stages of lung development (i.e., embryonic, pseudoglandular, canlicular, saccular, alveolar, and
microvascular maturation) across several mammalian species as well as some aspects of immune function
development and some causes of impaired lung development. Here, a few points related to the structural

development of the lung are noted based largely on Lewin and Hurtt (2017). The canlicular stage is

completed about 25 gestational weeks in humans and is marked by the completion of tracheobronchial
airways branching structure. Alveolar cells become identifiable during the saccular stage at about

24 weeks in human fetus and about 19 days in rat fetus. Subsequently, terminal bronchioles end in
sac-like structures. Rats and mice are born at this stage of respiratory development, whereas
alveolarization begins prenatally with 10—20% of adult alveoli found at birth in humans, rabbits, and

sheep. Rapid alveolarization occurs during the first 3 weeks of life in rats and first 2—3 years in humans

(Herming et al.. 2014). Following the period of rapid alveolarization there is evidence for a more gradual
increase that may occur to until young adulthood for multiple species including rodents, dogs, monkeys,
and humans (Lewin and Hurtt. 2017: Hermng et al.. 2014; Naravanan et al., 2012; Hvde et al.. 2007). This
is consistent with the period of increasing in lung volume in humans with age (and height) until around

18 years of age in females and 20 years of age i males (Hankinson et al., 1999).

41.2.2 Breathing Rates

Some general species information relevant to particle dosimetry (e.g., breathing parameters and
respiratory surface areas) is provided in Table 4-1. The data in this table are for gross comparison among
resting adults since specific strains are not individually characterized nor are changes with animal age
characterized. Additional data for rats on respiratory tract volumes and breathing rates as a function of

animal weight are available from Miller et al. (2014). Across species, ventilation rates increase with

increases in activity. Within species, there are also differences among strains in breathing patterns and
rates. Furthermore, stress due to experimental protocols may alter breathing patterns differentially among
species. In rats, Mauderly and Kritchevsky (1979) reported restraint to cause increased breathing

frequency (f) and decreased tidal volume (Vr), while minimally affecting overall minute ventilation. In
mice, Mendez et al. (2010) reported restrained animals to have approximately 2.4 times the minute

ventilation of unrestrained animals (27 and 64 mL/min, respectively). Most of this increase in minute
ventilation came from a doubling of /from 145 min™' to 290 min™'. However, in a study of four mouse
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strains, DeLorme and Moss (2002) consistently observed decreased breathing frequency and minute

ventilation in restrained mice (f, 335 min!; minute ventilation, 70 mL/min) relative to unrestrained mice

(f, 520 min™'; minute ventilation, 120 mL/min). These findings are consistent with Alessandrini et al.

(2008), who reported a breathing frequency of 500 min ™' and minute ventilation of 106 mL/min in
unrestrained mice. Thus, even within one species there can be large differences in breathing conditions
between studies. Breathing patterns and minute ventilation must both be considered to accurately assess

particle deposition fractions and dose rates.

Table 4-1. Typical respiratory parameters and body weights among animals and

humans.
Functional
Breathing Tidal Minute Residual Alveolar Body
Frequency Volume Ventilation Capacity surface Area Weight
Species min™ mL ml/min mL m? kg
Mouse (restrained) 2907 0.222 64° 0.5¢ 0.05° 0.02f
Mouse (unrestrained) 1452 0.192 272 0.5° 0.05f 0.02f
Rat 102° 2.1° 214b 3.5° 0.4f 0.4f
Dog 22¢ 175¢ 3,600¢ 500¢° 52f 16f
Human (male) 12d 625¢ 7,500¢ 3,300¢ 140¢ 734
Human (female) 12¢ 4447 5,330¢ 2,700¢ 100¢ 60

“Mendez et al. (2010).
°de Winter-Sorkina and Cassee (2002).

_______________ (1994).
‘Takezawa et al. (1980), anesthetized animals.
Stone et al. (1992).

9Alveolar surface area of male scaled by ratio of total lung capacity, i.e., 497 ~6.98.

ventilation rates is discussed in Section 4.2.4.1 in relation to the effect of activity in adults on particle

deposition. Minute ventilation changes with age and growth [for humans see U.S. EPA (2011)]. Breathing
patterns of humans are well recognized to change with increasing age, 1.e., Vr increase and respiratory
rates decrease (Tobin et al., 1983a; Tabachnik et al., 1981). Some guidance for humans with regard to

fdecreases lincarly from 44 min ™ in infants to 30 min™' at 2 years of age and linearly from 22 min™! at

6 years to 15.5 min~' at 18 years (Fleming et al., 2011). Allometric scaling can be used to adjust breathing
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patterns of immature animals as a function body weight (BW, kg). Breathing frequency (min™) from
Piccione et al. (2005) is 82*BW™ 27 and aligns well with breathing frequency for rats, but for mice

provides a value between that of restrained and unrestrained animals. Minute ventilation (L/min) from

Bide ct al. (2000)is 0.499*BW"*” and aligns well with minute ventilation for rats, but for mice provides

a value lower than that of unrestrained animals. Allometric predictions for mice can be scaled
(observed + predicted value) to match those of adults in Table 4-1 and tidal volume may be estimated as

minute ventilation divided by breathing frequency.

The ICRP indicated a 3-month-old infant might be expected to breathe with a minute ventilation
of 1.5 L/min (Vr, 39 mL; £, 38 min ') at rest/sleep and 3.2 L/min (Vr, 66 mL; f, 48 min ') during light
activity/exercise. Some more recent data suggest higher respiratory rates for 3-month-olds with a median f
of 42 min! with 10th to 90th percentiles of 34 and 56 min ™!, respectively (Fleming et al.. 2011). For their
in vitro investigation of nasal versus oral particle penetration into the lower respiratory tract, Amirav ¢t al.
(2014) used minute ventilations of 2.0 and 3.2 L/min (50 and 80 mL Vr at 40 min™!) for 5month-olds as
well as for 14-month-olds and minute ventilations of 2.4 and 3.6 L/min (80 and 120 mL Vr at 30 min ")
for 20-month-olds based on the recent literature. Normalized to body mass, median daily ventilation rates

(m*/kg-day) decrease over the course of life (Brochu ¢t al., 2011). This decrease in ventilation relative to

body mass is rapid and nearly linear from infancy through early adulthood. Relative to normal-weight
male and female adults (25—45 vyears of age; 0.271 m*/kg-day), ventilation rates normalized to body mass
are increased 1.5 times in normal-weight children (7—10 years of age; 0.402 m*/kg-day) and doubled in
normal-weight infants (0.22-0.5 years of age; 0.538 m’/kg-day).

4.1.2.3 Epithelial Lining Fluid

The site of particle deposition within the respiratory tract has implications related to lung
retention and surface dose of particles as well as potential systemic distribution of particles or solubilized
components. There are progressive changes in airway anatomy with distal progression into the lower
respiratory tract. In the bronchi there is a thick liquid lining and mucociliary clearance rapidly moves
deposited particles toward the mouth. In general, in the bronchi, only highly soluble materials moving
from the air into the liquid layer will have systemic access via the blood. With distal progression, the
protective liquid lining diminishes and mucus clearance rates slow. Soluble compounds and some poorly
soluble UFPs may potentially cross the air-liquid interface to enter the tissues and the blood, especially in
the alveolar region.

The epithelial lining fluid (ELF) over most of the tracheobronchial region may generally be
described as consisting of two layers: an upper mucus layer and a periciliary layer, which surrounds the
cilia (Button et al., 2012; Widdicombe, 2002; Widdicombe and Widdicombe, 1995; Van As, 1977). The
length of motile human cilia is about 7 pm in the distal nasal airways, trachea, and bronchi and around
5 um in the bronchioles (Yaghi et al., 2012; Song et al., 2009; Clary-Meinesz et al.. 1997; Widdicombe
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and Widdicombe. 1995). In the healthy lung, the thickness of the periciliary layer is roughly the length of

the cilia (Song et al., 2009; Widdicombe and Widdicombe, 1995). This periciliary layer forms a

continuous liquid lining over the tracheobronchial airways; whereas the upper mucus layer is

discontinuous and diminishes or is absent in smaller bronchioles (Widdicombe, 2002; Van As, 1977). The

periciliary layer may be the only ELF layer (i.c., there is little to no overlaying mucus) in the ciliated
airways of infants and healthy adults who are unaffected by pathology related to disease, infection, or
other stimuli (Bhaskar et al., 1985).

The ELF covering the alveolar surface is considerably thinner than the periciliary layer found in
the tracheobronchial region. The alveolar ELF consists of two layers: an upper surfactant layer and a

subphase flud (Ng et al., 2004). Bastacky et al. (1995} conducted a low temperature scanning electron

microscopy analysis of rapidly frozen samples (9 animals; 9,339 measurements) of rat lungs inflated to
approximately 80% total lung capacity. The alveolar ELF was found to be continuous, but of varied
depth. Three distinct ELF areas were described: (1) a thin layer (0.1 pm median depth, GSD ~ 2.16;
GSDs were calculated from 25th, 50th, and 75th percentiles of the distributions) over relatively flat arcas
and comprising 80% of the alveolar surface, (2) a slightly thinner layer (0.08 um, GSD ~ 1.79) over
protruding features and accounting for 10% of the surface, and (3) a thick layer (0.66 yum, GSD ~ 2.18)
occurring at alveolar junctions and accounting for 10% of the surface. Based on these distributions of
thicknesses, 10% of the alveolar region is covered by an ELF layer of 0.04 um or less. Presuming that
these depths would also occur in humans at 80% total lung capacity and assuming isotropic expansion
and contraction, depths should be expected to be 20—40% greater during normal tidal breathing (rest and
light exercise) when the lung is inflated to between 50—60% total lung capacity averaged across the
respiratory cycle. During tidal breathing, a median ELF depth of 0.12—0.14 um would be expected over
80% of the alveolar surface with 10% of the alveolar surface having a median depth of around 0.05 pwm or
less. Considering the entire distribution of depths during tidal breathing, about 30, 60, and 90% of the
alveolar surface would be estimated to have a lining layer thickness of less than or equal to 0.1, 0.2, and

0.5 um, respectively.

41.3 Route of Breathing

As humans, we breathe oronasally, i.¢., through both our nose and mouth. In general, we breathe
through our nose when at rest and increasingly through the mouth with increasing activity level. Few
people breathe solely through their mouth. In contrast to humans, rodents are obligate nose breathers.

Brown et al. (2013) found that the penetration of particles greater than 1 um into the lower respiratory

tract of humans was more affected by route of breathing than age, sex, activity level, or breathing pattern
(i.c., Vrand /). This section describes how route of breathing, also referred to as “respiratory mode” or
“breathing habit™ in the literature, 1s affected by age, sex, activity level, and upper respiratory tract

anomalies. Based on literature that is decades old but that has not been included in prior PM ISA or
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AQCDs, this section will show that children breathe more though the mouth than adults and that across
all ages, males breathe more through their mouth than females.

One of the more commonly referenced studies in dosimetric papers is Niinimaa et al. (1981). This
paper is referenced in all prior PM reviews back to 1982 PM AQCD (1.5, EPA . 1982) as the primary
data source on route of breathing. Niinimaa ¢t al. (1981) examined route of breathing in a group of
healthy individuals (15-35 vears of age; 14 M, 21.6 = 3.8 years; 16 F, 22.9 + 5 4 years) recruited via
advertisements posted on the University of Toronto campus. The investigators found that most

individuals, 87% (26 of 30) in the study, breathed through their nose until an activity level was reached
where they switched to oronasal breathing. Thirteen percent (4 of 30) of the subjects, however, were

oronasal breathers even at rest. These two subject groups (i.¢., the 87 and 13% of subjects) are commonly

respectively. More recently, Bennett et al. (2003) reported a more gradual increase in oronasal breathing

with males (n = 11; 22 + 4 years) tending to have a greater oral contribution than females (n=11;
22 + 2 vyears) at rest (87 vs. 100% nasal, respectively) and during exercise (45 vs. 63% nasal at 60%

maximum workload, respectively).

Consistent with this trend for women to have a greater nasal contribution (Bennett et al., 2003), in

a large study of children (63 M, 57 F; 4-19 vears), Leiberman et al. (1990) reported a statistically greater

nasal fraction during inspiration in girls relative to boys (77 and 62%, respectively; p =0.03) and a
marginally significant difference during expiration (78 and 66%, respectively; p = 0.052). Another large
study (88 M, 109 F; 573 years) also reported females as having a significantly greater fraction of nasal
breathing than males (Vig and Zajac, 1993). This effect was largest in children (5—12 years) with an

inspiratory nasal fraction of 66% in males and 86% in females during resting breathing. This study also
reported that the partitioning between the nose and mouth was almost identical between inspiration and
expiration. In children and adults, sex explains some interindividual variability in route of breathing with
females breathing more through the nose than males.

A few studies have attempted to measure oronasal breathing in children as compared to adults
(Bennett et al., 2008; Becquemun et al., 1999; James ¢t al., 1997 Vig and Zajac. 1993). James et al.
(1997) found that children (n = 10; 7-16 years) displayved more variability than older age groups (n = 27,

17-72 years) with respect to their oronasal pattern of breathing with exercise. Becquemin et al. (1999)

found that children (n = 10; 8—16 years) tended to display more oral breathing both at rest and during
exercise than adults (n = 10; 27-56 years). The highest oral fractions were also found in the youngest
children. Similarly, Bennett et al. (2008) reported children (n = 12; 6—10 years) tended to have a greater

oral contribution than adults (n = 11; 18—27 years) at rest (68 vs. 88% nasal, respectively) and during
exercise (47 vs. 59% nasal at 40% maximum workload, respectively). Vig and Zajac (1993) reported a

statistically significant effect of age on route of breathing which was most apparent in males with the
fraction of nasal breathing increasing from 67% in children (5—12-year-olds) to 82% in teens

(13—19-year-olds), and 86% in adults (20—73 years). Females had a nasal fraction of 86% in children and
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teens and 93% in adults. Based on these studies, the nasal fraction appears to increase with age until
adulthood.

Several large studies have reported an inverse correlation (» = —0.3 to —0.6) between nasal

resistance and nasal breathing fraction (Vig and Zajac, 1993; Leiberman et al,, 1990; Leiter and Baker

fraction (Leiberman et al., 1990; Leiter and Baker, 1989). Nasal resistance decreases with age and is

lower in females than males (Vig and Zajac, 1993: Becquemin et al.. 1991). These differences in nasal

resistance may account for larger nasal fractions in adults than children and females than males. Smaller
studies (n = 37) have not found a significant correlation between nasal resistance and nasal fraction but

have noted that those having high resistance breathe less through the nose (James et al.. 1997). Bennett et

22 + 4 years) relative to Caucasians (6 M, 5 F; 22 £ 3 years). The nasal fraction in blacks tended to be
greater at rest and 40% maximum workload and achieved statistical significance relative to Caucasians at
20 and 60% maximum workload. Leiter and Baker (1989) reported that of the 15 mouth-breathing
children as identified by a dentist, pediatrician, or otolaryngologist in their study, the three having greatest

nasal resistance breathed 100% through the mouth. These investigators also reported that the nasal
fraction was negatively correlated (p < 0.004) with nasal resistance during both inspiration and expiration.
However, the correlation appears driven by the three individuals with 100% mouth breathing. In a study
of 102 children (evenly divided by sex) aged 6 to 14 years, Warren et al. (1990) reported that both nasal
cross-sectional area and the fraction of nasal breath both increased with age, but did not report the

association between these parameters or assess the effect of sex. The average nasal breathing fraction
increased linearly from about 47% at 6 years of age to 86% at 14 vears of age. Overall, breathing habit
appears related to nasal resistance, which may explain some of the effects of age and sex on breathing
habit.

Diseases affecting nasal resistance may also affect breathing route. Chadha et al. (1987) found

that the majority (11 of 12) of patients with asthma or allergic rhinitis breathe oronasally even at rest.
James et al. (1997) also reported the subjects (n = 37; 7-72 years) having hay fever, sinus disease, or

recent upper respiratory tract symptoms tended to the have a greater oral contribution relative to those
absent upper respiratory tract symptoms. James et al. (1997) additionally observed that two subjects

(5.4%) breathed solely through the mouth but provided no other characteristics of these individuals.
Greater oral breathing may occur due to upper respiratory tract infection and inflammation.

Some studies of children suggest obesity also affects breathing habit. Using MRI, Schwab et al.
(2015) examined anatomic risk factors of obstructive sleep apnea in children (n = 49 obese with sleep
apnea, 38 obese control, 50 lean controls; 11-16 years of age). In obese children with sleep apnea,
adenoid size was increased relative to both obese and lean controls not having sleep apnea. The size of the
adenoid was also increased in male obese controls (n = 24) relative to male lean controls (n = 35),

whereas adenoid size was similar between female obese controls (n = 14) and female lean controls
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(n = 15). Both nasopharyngeal cross-sectional area and minimum area were similar between lean and
obese controls, but decreased in obese children with obstructive sleep apnea. In a longitudinal study of

children (n =47 F, 35 M) assessed annually from 9 to 13 vears of age, Crouse et al. (1999) found nasal

cross-section was minimal at 10 years of age. The authors speculated this may be due to prepubertal
enlargement of the adenoids. In a 5 year longitudinal study of children (n = 17 M, 9 F) following
adenoidectomy, Kerr et al. (1989) reported a change in mode of breathing from oral to nasal. These

studies suggest the obese children, especially boys, may have increased oral breathing relative to normal
weight children.

In summary, breathing habit is affected by age. sex, nasal resistance, and possibly obesity.
Numerous studies show children to inhale a larger fraction of air through their mouth than adults. Across
all ages, males also inhale a larger fraction of air through their mouth than females. Other factors that
increase nasal resistance such as allergies or acute upper respiratory infections can also increase the
fraction of oral breathing. Obesity, especially in boys, may also contribute to increased nasal resistance

and an increased oral fraction of breathing relative to normal weight children.

41.4 Ventilation Distribution

Ventilation distribution refers to how an inhaled breath becomes divided in the lung. Ventilation
distribution affects the partitioning or mass transport of inhaled aerosols between lung regions and the
residence time within these regions. The effects of ventilation distribution on particle deposition are
causes the volume of alveoli in dependent lung regions (i.¢., the lowest areas in the lungs) to be smaller
than those in nondependent lung regions. During normal tidal breathing, dependent regions may have
somewhat increased ventilation relative to nondependent regions. As a breath is distributed, so too may be
associated airborne particles. Some experimental data are available on the association between regional
deposition of ultrafine, fine, and coarse particles and regional ventilation in the healthy and diseased lung.

Ventilatory inhomogeneity due to obstructive discase generally exceeds normal gravity induced gradients.

The distribution of ventilation has been studied in a number of animal species. There is a
pronounced gravitation gradient in the ventilation distribution of standing horses with the dependent

nondependent regions possibly due to intra-abdominal pressure on the dependent (ventral) regions
(Schramel et al., 2012). In contrast to horses, data out to 20 days postpartum showed equal ventral-dorsal

ventilation in these ponies. In the supine position, dogs and sloths show increased ventilation of the
dependent (dorsal) regions relative to the nondependent (ventral) regions (Hoffiman and Ritman, 1985).

However, in the prone position there is essentially uniform ventral-dorsal ventilation in both the dogs and
sloths. Thus, the position in which rats are exposed may influence the regional delivery and deposition of
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inhaled acrosols. In rats, the nondependent region of the lung has been reported to be better ventilated,
whether positioned supine, prone, or on ¢ither side (Dunster et al., 2012; Roonev et al., 2009). In humans,

ventilation patterns are affected by both body position and lung inflation.

Milic-Emili et al. (1966) showed apical (nondependent) to basal (dependent) differences in

pleural pressure can affect ventilation distribution in healthy individuals. In upright humans, the apical
lung receives the majority of an inhaled air at low lung volumes (less than 20% vital capacity). Above this
volume, the vertical proportioning of ventilation is relatively constant across a breath with basal regions

(dependent part) having somewhat increased ventilation relative to apical regions (Milic-Emili et al.

1966). The effect of gravity is shifted by changes in body position. For instance, while lying on the left
side, acrosols inhaled at low lung volumes will be preferentially transported into and deposited in the
right lung (Benanett et al., 2002). In upright individuals at high lung volumes (70% or more of total lung

capacity), particles are transported preferentially into and deposit in the left lung (Bennett et al., 2002). A

more uniform left-right distribution of particle deposition is observed for inhalations closer to functional
residual capacity (FRC). Left-right asymmetry in particle deposition at high lung volumes is primarily
due to differences in ventilation between the lungs (Moller et al., 2009). The effect of gravity-induced

gradients on ventilation and left-right asymmetry in upright individuals described here for healthy
individuals, however, are small relative to the ventilatory heterogeneity caused by obstructive lung
disease (Suga et al., 1995).

41.5 Particle Inhalability

In order to potentially become deposited in the respiratory tract, particles must first be inhaled.
The inspirable particulate mass fraction of an acrosol is that fraction of the ambient airborne particles that

can enter the uppermost respiratory tract compartment, the head (Soderholm, 1983). The American

Conference of Governmental Industrial Hygienists (ACGIH) and the International Commission on
Radiological Protection (ICRP) have established inhalability criteria for humans (ACGIH, 2005; ICRP

wind direction. They are based on experimental inhalability data for d.. < 100 um at wind speeds of
between 1 and 8 m/s. For the ACGIH criterion, inhalability is 97% for 1 um particles, 87% for 5 um, 77%
for 10 um, and plateaus at 50% for particles above ~40 pm. The ICRP criterion, which also plateaus at
50% for very large d.., does not become of real importance until 5 pm where inhalability is 97%. Dai et
al. (2006) reported slightly lower nasal particle inhalability in humans during moderate exercise than rest
(c.g.. 89.2 vs. 98.1% for 13 um particles, respectively). Nasal particle inhalability is similar between an
adult and 7-year old child (Hsu and Swift, 1999). Inhalability into the mouth from calm air in humans
also becomes important for d.. >10 pm (Anthony and Flynn, 2006; Brown, 2005). Unlike the inhalability
from high wind speeds which plateaus at 50% for d.. greater than ~40 um, particle inhalability from calm

air continues to decrease toward zero with increasing d.. and is affected by route of breathing.
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Inhalability data in laboratory animals, such as rats, are only available for breathing from
relatively calm air (velocity < 0.3 m/s). For nasal breathing, inhalability becomes an important

consideration for particles larger than 1 um in rodents and 10 ym in humans (Ménache et al.. 1993). The

inhalability of particles of 2.5, 5, and 10 wm is 80, 65, and 44% in rats, respectively, whereas it only

decreases to 96% for an d,. of 10 pm in humans during nasal breathing (Ménache et al.. 1995). Asgharian

et al. (2003) suggested that an even more rapid decrease in inhalability with increasing d.. may occur in

rats, particularly for faster breathing rates. Asgharian et al. (2014) extended his model to calculate

inhalability for mice which had a slightly more rapid decline in inhalability with increasing particle size
than rats. Inhalability and nasal deposition are particularly important considerations influencing how
much PM makes it into the lower respiratory tract of rodents relative to humans.

Kim et al. (2014) provide some computational fluid dynamics (CFD) simulations of inhalability

for a 7-month old. Although the simulations were for an infant under a hood for drug delivery, these
simulations may reasonably approximate inhalability from calm air. For a child sitting while quietly
breathing (Q, 5 L/min), nasal inhalability decreased from 83% for 1 um to 63% for 5 um particles. For
oronasal breathing, with 65% of air entering the mouth, inhalability was about 93% for | to 5 um

particles. These data suggest that particle inhalability of infants is much less than expected in adults.

4.1.6 Thoracic and Respirable Particles

This section describes sampling conventions that are used by in ambient and occupational
settings. The particle sampling conventions are compared to demonstrate their similarities and
differences. Finally, modeling is used to illustrate how the size of particles entering the lower respiratory
tract (i.e., the thorax) is affected by route of breathing (see Section 4.1.3) and differs among species.

The terms thoracic particles and respirable particles refer to the fraction of particles that are able
to enter the thoracic and gas exchange region of the lung, respectively. The European Committee for
Standardization (CEN) specifically defines the thoracic fraction as the mass fraction of inhaled particles

penetrating beyond the larynx (CEN, 1993). They further define the respirable fraction as the mass

fraction of inhaled particles penetrating into the unciliated airways. More typically, the literature has
defined the respirable fraction in relation to the fraction of particles entering the gas-exchange region or
the fraction penetrating through the tracheobronchial region, the ciliated airways, or conducting airways.
Relative to total airborne particles, the particle size having 50% penetration for the thoracic and respirable

fractions are 10 pm and 4.0 pm (acrodynamic diameters), respectively (CEN, 1993). These criteria were

specifically developed for workplace atmospheres. In 1987, the EPA adopted PMy, as the indicator of PM
for the National Ambient Air Quality Standards (NAAQS) to delineate the subset of inhalable particles
(referred to as thoracic particles) that were thought small enough to penetrate to the thoracic region

(including the tracheobronchial and alveolar regions) of the respiratory tract.
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discussed above. These criteria are similar for particles smaller than 10 um. However, the curves diverge
between 12—13 pm, with a dramatic drop in collection efficiency for EPA’s PM o versus a more gradual
decrease in sampler collection efficiency for the thoracic fraction criterion. The occupational respirable
particle sampling convention and EPA’s PM- s are also illustrated in Figure 4-2. In 1997, EPA extended
size-selective sampling to include fine particles indicated by PMa s and retained PMy, as an indicator for
the purposes of regulating the thoracic coarse particles or coarse fraction particles (i.e., the inhalable
particles that remain if PM s particles are removed from a sample of PMio). The selection of PMz s by the
EPA was mainly to delineate the atmospheric fine (combustion derived, aggregates, acid condensates,
secondary aerosols) and coarse (crustal, soil-derived dusts) PM modes and for consistency with
community epidemiologic health studies reporting various health effects associated with PM» s

(U.S. EPA, 1997). Although Miller et al. (1979) recommended a particle size cut-point of <2.5 um as an

indicator for fine PM based on consideration of particle penetration into the gas-exchange region, the

selection of PMs s was not based on dosimetric considerations and was not intended to represent a
respirable particle sampling convention. The thoracic sampling convention intentionally over represents

the true penetration of particles into the thoracic region (compare Figure 4-1 and Figure 4-3). The

American Conference of Governmental Industrial Hygienist (ACGIH) committee that recommended a
50% cut-point at 10 um for the thoracic fraction considering uncertainty related to individual biological
variability in respiratory health status, breathing pattems (rate and route), and airways structure as well as
differences in work rates, all of which can cause differences in inhaled acrosol deposition and dose.
Facing those uncertainties, the committee afforded extra protection to exposed workers by choosing a
50% cut-point at 10 um rather than in the range of 5—7 um where experimental studies showed 50%
penetration of particles into the lower respiratory tract during oral breathing at ventilation rates equivalent
to light exercise (ACGIH, 1985).
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Equation 11.19 of Hinds (1999} and/or 40CFR53.43 Table D-3; Respirable and Thoracic fractions are from Appendix C of ACGIH
(2005).

Figure 4-2 Sampling conventions for U.S. EPA’s PM2.5s and PM1o and
occupational criteria for thoracic and respirable fractions.
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Figure 4-3 Thoracic fraction, i.e., particle penetration through the

extrathoracic region, P(ET), as a function of breathing route in
adult male during light exercise (Vr, 1,250 mL; f, 20 min™). Fm is
the fraction of breath passing through mouth.

Brown et al. (2013) provide estimates of the thoracic and respirable fractions for healthy adult

males, females, and a 10-year old child. The penctration of particles greater than 1 wm into the lower
respiratory tract of humans was more affected by route of breathing than age, sex, activity level, or
breathing pattern (i.e., Vr and f). Figure 4-3 illustrates this effect of route of breathing on the thoracic
fraction. For typical activity levels and route of breathing, they estimated a 50% cut-size for the thoracic
fraction at an acrodynamic diameter of around 3 pm in adults and 5 pm in children. The fraction of 10 um
particles entering the thorax was <20% for most activity levels and breathing habits. The penetration of
10 um particles into the thorax was greatest, around 40%, for low levels of activity and purely oral
breathing. Regardless of the breathing habit or activity level, the differences in the 50% cut-points for the
thoracic and respirable fractions were far less than those used for occupational sampling. For oral
breathing the 50% cut-point for the respirable fraction during oral breathing was within about 2 um of the
thoracic fraction cut-point, whereas it differs by 6 um for occupational sampling criteria. For more typical
breathing habits, the cut-points for the respirable and thoracic fractions were within about 0.5 pm. Two
primary conclusions based on this study are: (1) PM1, over estimates the penetration of particles into the
lower respiratory tract and (2) children are predicted to have greater particle penetration into the lower

respiratory tract than adults.

Asghadan et al. (2014) recently provided estimates of the thoracic fraction in mice and rats as

well as humans. The 50% cut-points for the thoracic fraction were roughly 1.1 um in mice, 1.5 pm in rats,
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and 3.7 um in humans [see Figure 4 of Asgharian et al. (2014})]. The larger thoracic 50% cut-point for

humans reported by Asgharian et al. (2014) relative to Brown et al. (2013) is, in part, due to the lower

ventilation rate of 7.5 L/min used by the former versus average daily ventilation rates of 9 L/min and
greater by the latter. One of the critical points that Asgharian ¢t al. (2014) provide is that only a small

fraction (2—5%) of particles greater than 3 um reach the lower respiratory tract of the rodents. Thus, an
appreciable fraction of inhaled thoracic coarse particles (i.e., PMio-25) should not be expected to reach the

lower respiratory tract of rodents during inhalation exposures.

Figure 4-4 illustrates the thoracic fraction in humans, rats, and mice calculated using the
Multi-Path Particle Dosimetry model (MPPD; Version 3.04, ©2016).* For 50% cut-points are 3.4 pm

(human, rest), 2.2 um (human, light exercise), 1.6 um (mouse, unrestrained), 1.1 um (mouse, restrained),

in restrained mice based on the review by Mendez et al. (2010}, DeLorme and Moss (2002) consistently

observed a lower breathing frequency and minute ventilation in restrained mice (f; 335 min™'; minute
ventilation, 70 mL/min) relative to unrestrained mice (£, 520 min'; minute ventilation, 120 mL/min).
Regardless, with an increase in minute ventilation there is a decrease in the 50% cut-point for the thoracic

fraction in both humans and mice.

“The MPPD model can be used to calculate particle deposition and clearance in multiple species. A description of
the model, recent model improvements, and advancements incorporated into the MPPD model are provided by
Miller et al. (2016). For additional information about the MPPD model (Version 3.04) or to obtain a copy, the reader
is referred to: hitp://www.ara.comy/products/mppd. htm.
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Figure 4-4. Multispecies comparison of the thoracic fraction for nasal
breathing with consideration for inhalability, i.e., particle
penetration through the extrathoracic region, P(ET). Human, rest
(VT1, 625 mL; f, 12 min™'); Human, light exercise (VT, 1,000 mL; f,

19 min~'); Mouse, unrestrained (Vr, 0.19 mL; f, 145 min~'); Mouse,
restrained (V1, 0.22 mL; £, 290 min~'); Rat (V71, 2.1 mL; f, 102 min™).

41.7 Dose and Dose Metrics

Assuming a constant exposure concentration, breathing rate, and aerosol particle size distribution,

the total particle exposure or intake dose (ID) is given by:

ID=Cx fxV, xI(dsp,,0,)x1
Equation 4-2

where: C 1s the mass concentration of the acrosol, fis breathing frequency, Vr is tidal volume,
1(d50%, o) 1s acrosol inhalability, and 7 is the duration of exposure. As discussed in Section 4.1.5,
I(d50%, o) should be considered for comparisons across species (¢.g., human vs. rat), although this
parameter should be negligible for particles under 1 um. Intake doses characterized by Equation 4-2 are
commonly normalized to body mass (Alexander et al., 2008). This may be particularly appropriate for

soluble particles or materials expected to have systemic effects. Although C was specified as having units
of particle mass per unit volume, other metrics such as particle surface area or number of particles per

unit volume may be desired, especially for smaller particle sizes (e.g., <0.1 pm). Equation 4-2 is limited
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in that it does not recognize that there are within-species differences as a function of particle size in total

deposition (whole lung) and regional deposition (¢.g., between TB and alveolar region) of particles.

The particle mass dose in a specific region (D;) of the respiratory tract resulting from the particle

inhalation may be given as:

D, = IDx DF,

Equation 4-3

polvdisperse acrosol by estimating the deposition fractions for a series of monodisperse acrosols as:

1 0.99

DF,(d,)
1 OO P=0.01

DF (dsp, Ug) ~
Equation 44

where: DF(d;) in the summation is the deposition fraction in a region of the particle size
associated with a given percentile, P, of the size distribution as calculated by Equation 4-1. Depending on
health endpoints and particle size, the most appropriate dose metric choice for D; may be mass, particle
surface area, or number of particles deposited. The D; may also be normalized to factors such as lung
weight or surface area of specific regions of the respiratory tract. Because all of the variables potentially
change over time, Equation 4-3 and Equation 4-4 are most appropriate for short duration exposures.

Within an individual, the variability in DF; over time is largely attributable to variations in inhaled
particle size, f, V1, and route of breathing (ICRP, 1994). Inter-subject and inter-species variability in DF;

is additionally affected by morphologic differences in the size and structure of the respiratory tract.

For chronic exposures, it is necessary to consider the retained dose. The particle dose retained in a
region of the lung is determined by the balance between rate of input and the rate of removal. The particle

burden (Br) in a region of lung may be expressed as:

B.(t)=D,(t — At)At + B,(t — At)[exp(—A Al)]

Equation 4-5

where: D, is the rate of deposition per unit time in region r, f is time, and %, is the clearance rate
constant for region r, At is the time increment for the calculations ( ~1% [or less] of the clearance
halftime [i.e., 0.693/] of the region). [, is calculated as D, in Equation 4-3 except it is calculated for

discrete At where parameters (namely, £, V1, route of breathing, and DF;) are relatively constant.

Under the premise that health effects from UFP are more associated with particle surface area of
deposited particles than particle number or mass, some companies have started producing instruments to
measure Lung Deposited Surface Area (LDSA). For a monodisperse ultrafine acrosol containing spherical
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particles, the LDSA (um?*cm?) is simply calculated as the particle surface arca (um?) times particle

(1994) model under conditions of light exercise (Vr = 1.25 L and /= 20 min ') and nasal breathing
(Asbach et al., 2009; Fissan et al., 2007). For a polydisperse acrosol, the estimated LDSA for specified

particle size bins would be summed across aerosol distribution to obtain the total LDSA. Todea et al.

(2015} assessed the accuracy of four tvpes of commercially available devices available for the
measurement of LDSA in the alveolar region.* The principle of operation is similar among the
commercial devices with each imparting a unipolar charge on the incoming acrosol and subsequent
measurement of electrical current from particles collected on a filter. Some conditioning of the incoming
acrosol is typical, such as use of an impactor to remove large particles (roughly >1 pm) and/or an ion trap
to remove small particles (generally <20 nm). The instruments do not actually measure the surface area of
the particles, rather they provide an estimate of the particle surface area that is predicted to be deposited
in the alveolar region of the lung. Theoretically, the measured LDSA most accurately matches predicted
lung deposition for particles between 40 and 300 nm. However, measured values should be within £30%
from 20 to 400 nm. Studies characterizing LDSA in urban and microenvironments are becoming available
[e.g., (Geiss et al., 2016; Kuuluvainen et al., 2016)] as are studies of health effects studies using LDSA
fe.g., (Endesetal, 2017, Soppaetal., 2017)].

It should be noted that transfer into region » from another region may also occur. Such situations
in which a region receives a portion of its burden from another region are common in the lung, for
example, mucus clearance of the segmental bronchi into the lobar bronchi, which clear into the main
bronchi, which in turn clear into the trachea. In addition, the clearance from one region can transfer
burden into more than one other compartment, ¢.g., soluble particles in the airways may be cleared into
the blood as well as via the mucus. Multiple pathways for clearance of insoluble particles exist. The main
alveolar particle clearance pathway is macrophage mediated clearance with macrophage migration to the
ciliated airways, but macrophage or particles themselves may also move from the alveoli into the lymph
and remerge in the ciliated airways or blood. There are also considerable species differences in rates of

clearance that should be considered for interspecies extrapolations evaluating chronic exposure scenarios.

4.2 Particle Deposition

Inhaled particles may be either exhaled or deposited in the ET, TB, or alveolar region. A particle
becomes deposited when it moves from the airway lumen to the wall of an airway. The deposition of
particles in the respiratory tract depends primarily on inhaled particle size, route of breathing (nasal or
oronasal), tidal volume (V+), breathing frequency (f), and respiratory tract morphology. The distinction
between air passing through the nose versus the mouth is important since the nasal passages more

effectively remove inhaled particles than the oral passage. Respiratory tract morphology, which affects

“** One instrument offered the option of measuring LDSA for cither the alveolar or the tracheobronchial region.
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particle transport and deposition, varies between species, the size of an animal or human, and health
status.

The fraction of inhaled acrosol becoming deposited in the human respiratory tract has been
measured experimentally. Studies, using light scattering or particle counting techniques to quantify the
amount of acrosol in inspired and expired breaths, have characterized total particle deposition for varied
breathing conditions and particle sizes. The vast majority of in vivo data on the regional particle
deposition has been obtained by scintigraphic methods where external monitors are used to measure
gamma emissions from radiolabeled particles. These scintigraphic data have shown highly variable
regional deposition with sites of highly localized deposition or “hot spots™ in the obstructed lung relative
to the healthy lung. Even in the healthy lung, “hot spots™ occur in the region of airway bifurcations.
Mathematical models aid in predicting the mixed effects of particle size, breathing conditions, and lung
volume on total and regional deposition. Experimentally, however, there is considerable interindividual
variability in total and regional deposition even when inhaled particle size and breathing conditions are
strictly controlled. Section 4.2.4 on Biological Factors Modulating Deposition provides more detailed
information on factors affecting deposition among individuals.

4.21 Mechanisms of Deposition

Particle deposition in the lung is predominantly governed by diffusion, impaction, and
sedimentation. Most discussion herein focuses on these three dominant mechanisms of deposition. Simple
mterception, which is an important mechanism of fiber deposition, is not discussed in this chapter.
Electrostatic and thermophoretic forces as mechanisms of deposition have not been thoroughly evaluated
and receive limited discussion. Some generalizations with regard to deposition by these mechanisms
follows, but should not be viewed as definitive rules. Both experimental studies and mathematical models
have demonstrated that breathing patterns can dramatically alter regional and total deposition for all sized
particles. The combined processes of acrodynamic and diffusive (or thermodynamic) deposition are
important for particles in the range of 0.1 um to 1 um. Aerodynamic processes predominate above and
thermodynamic processes predominate below this range. For detailed equations related to particle
behavior in air and deposition in the human respiratory tract, the reader is referred to Annex D of ICRP
(1994}, Equations for calculation of deposition in the MPPD model are mostly summarized in Anjilvel
and Asgharian (1995) and Asgharian and Price (2007) with physiological parameters summarized in
Miller et al. (2016).

Diffusive deposition, by the process of Brownian diffusion, is the primary mechanism of
deposition for particles having physical diameters of less than 0.1 pm. For particles having physical
diameters of roughly between 0.05 and 0.1 pm, diffusive deposition occurs mainly in the small distal

bronchioles and the pulmonary region of the lung. However, with further decreases in particle diameter
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below ~0.05 um, increases in particle diffusivity shift more deposition proximally to the bronchi and ET

regions.

Governed by inertial or acrodynamic propertics, impaction, and sedimentation increase with dae.
When a particle has sufficient inertia, it is unable to follow changes in flow direction and strikes a surface
thus depositing by the process of impaction. Impaction occurs predominantly at bifurcations in the
proximal airways, where linear velocities are at their highest and secondary eddies form. Sedimentation,
caused by the gravitational settling of a particle, is most important in the distal airways and pulmonary
region of the lung. In these regions, residence time is the greatest and the distances that a particle must
travel to reach the wall of an airway are minimal.

The electrical charge on some particles may result in an enhanced deposition over what would be
expected based on size alone. With an estimated charge of 10—50 negative ions per particle, Scheuch et
al. (1990) found deposition of 0.5 um particles in humans (Vr = 300 mL, /= 15 min ') to increase from
13.4% (no charge) to 17.8% (charged). This increase in deposition is thought to result from image charges
above which deposition fractions would be increased of about 12, 30, and 54% for 0.3, 0.6, and 1.0 um
diameter particles, respectively. Electrostatic deposition is generally considered negligible for particles
below 0.01 um because so few of these particles carry a charge at Boltzmann equilibrium. This
mechanism is also thought to be a minor contributor to overall particle deposition, but it may be important
in some laboratory studies due to specific acrosol generation techniques such as nebulization. Laboratory
methods such as passage of acrosols through a Kr-85 charge neutralizer prior to inhalation are commonly
used to mitigate this effect.

The National Radiological Protection Board (NRPB) evaluated the potential for corona
They concluded that electrostatic effects would be the most important for particles in the size range from
about 0.1-1 um, where deposition may theoretically increase by a factor of three to ten. However, given
that only a small fraction of ambient particles would pass through the corona to become charged, the
small range of relevant particle sizes (0.1—1 um), and the subsequent required transport of charged
particles to expose individuals; the NRPB concluded that effects, if any, of electric fields on particle

deposition in the human respiratory tract would likely be minimal.

When assessing particle behavior in the lower respiratory tract, it is important to consider how
temperature affects their behavior. The mean free path of particles in air (i.¢., the distance that particle
travel in a given direction before colliding with an air molecule) and the dynamic viscosity of inhaled air
are affected by the increased temperature in the lower respiratory tract relative to standard temperature

and pressure. The mean free path increases from 66.4 nm at 20°C to 71.2 nm at 37°C (Briant, 1990). The

dynamic viscosity of air increases from 1.82 x 10~ poise at 20°C to 1.90 x 10~* poise at 37°C (Briant,
1990). Due to these two parameters, the diffusivity of particles <0.1 um 1s 1.08 times higher at 37 than
20°C. For micron sized particles, the time that it takes particles to change directions in response to a
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change in the direction of airflow as well as the settling velocity of particles are decreased by about 4% at
37°C relative to 20°C. Thus, diffusive deposition is increased, whereas acrodynamic deposition is

decreased at 37°C relative to 20°C.

There is less of an effect of body temperature on the particle behavior in the upper respiratory

al., 2017; Lindemann ¢t al.. 2002). During mhalation of room temperature air (23—25°C), anterior

mucosal temperatures can cycle 3—6°C between inspiration and expiration. More distally, 1°C

fluctuations are observed at the nasopharynx, with average expiratory mucosal temperatures of 34°C

(Lindemann et al ., 2002). This indicates the temperature of inhaled air cannot achieve body temperature

until it reaches the lower respiratory tract.

Thermophoretic forces on particles occur due to temperature differences between respired air and
respiratory tract surfaces. Temperature gradients of around 20°C are thought to produce sufficient
thermophoretic force to oppose diffusive and electrostatic deposition during inspiration and to perhaps
relevant in the extrathoracic and large bronchi airways and reduces to zero as the temperature gradient
decreases deeper in the lung. Theoretical analysis of thermophoresis has been done for smooth walled
tubes and is important over distances that are several orders of magnitude smaller than the diameter of the
trachea. The alteration of the flow patterns by airway surface features such as cartilaginous rings may
affect particle transport and deposition over far greater distances than thermophoretic force.

4.2.2 Deposition Patterns

Knowledge of sites where particles of different sizes deposit in the respiratory tract and the
amount of deposition therein is necessary for understanding and interpreting the health effects associated
with exposure to particles. Particles deposited in the various respiratory tract regions are subjected to
large differences in clearance mechanisms and pathways and, consequently, retention times. Deposition
patterns in the human respiratory tract were described in considerable detail in dosimetry chapters of prior
PM AQCD (U.S. EPA. 2004, 1996); as such, they are only briefly described here.

Predicted total and regional particle deposition in several mammalian species are illustrated in
Figure 4-5. For all the species illustrated in Figure 4-5, ET deposition was based on experimental data at
specific particle sizes or empirical fits to experimental data, while TB and pulmonary deposition were
based on theoretical losses by diffusion, sedimentation, and impaction in species specific models of lower

airways morphology. The predicted deposition for the human (male), mouse (unrestrained), and rat are for

reviews recent additions to the MPPD model that contribute to the ability to conduct cross-species
extrapolations of both deposition and clearance. The effects of physiologic parameters on deposition in

humans and rats free of respiratory disease are also described by de Winter-Sorkina and Cassee (2002).
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The predicted deposition for the dog (V=170 mL, = 11.7 min ') and hamster (Vy = 0.72 mL,
between the illustrated species. In the mouse and rat, due to particle inhalability, there is a gradual
decrease in total and ET deposition for particles greater than about 2.5 to 3 um. In the human, a similar
decline in total deposition due to particle inhalability starts becoming apparent for particles above 7 to
8 pm.
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Source: Permission pending, Adapted and updated from Brown (2015).

Figure 4-5. Predicted total and regional particle deposition adjusted for
particle inhalability in select mammalian species. (A) Total
deposition, (B) Extrathoracic deposition, (C) Tracheobronchial
deposition, (D) Pulmonary deposition.

4.2.21 Total Respiratory Tract Deposition

Across mammalian species, the efficiency of deposition in the respiratory tract may generally be
described as a “U shaped” curve on a plot of deposition efficiency versus the of log particle diameter as
illustrated in Figure 4-5. Total deposition shows a minimum for particle diameters in the range of 0.1 to
1.0 um, where particles are small enough to have minimal sedimentation or impaction and sufficiently
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large so as to have minimal diffusive deposition. Total deposition does not decrease to zero for any sized
particle, in part, because of mixing between particle laden tidal air and residual lung air. The particles
mixed into residual air remain in the lung following a breath and are removed on subsequent breaths or
gradually deposited. Total deposition approaches 100% for particles of roughly 0.01 pm due to diffusive

deposition and for particles of around 10 um due to the efficiency of sedimentation and impaction.

Total human lung deposition, as a function of particle size, is depicted in Figure 4-6. These
experimental data were obtained by using monodisperse spherical test particles in healthy adults during
controlled tidal breathing (Vr, 500 mL; £, 15 min™') on a mouthpiece. The experimental ultrafine data are
for 11 males (age, 31 =4 vears; FRC, 3,911 mL) and 11 females (age, 31 = 4 vears; FRC, 3,314 mL) from
Jaques and Kim (2000). The fine and coarse data are for eight males (age, 31 + 7 years; FRC, 3,730 mL)
and seven females (age, 31 + 6 years; FRC, 3,050 mL) from Kim and Hu (2006). The MPPD

(Version 3.04) model used an upper airway volume of 40 mL and 50 mL for males and females,

respectively, and the FRC from studies to predict particle deposition. Assuming isotropic expansion and
contraction of the airways, scaling the airway morphology (length and diameters) to the cube root of
volume, the model predictions are in good agreement with the mean experimental data.
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Source: Permission pending, Human data from Jagues and Kim (2000) and Kim and Hu (2006) with predicted deposition obtained
from the MPPD model (Version 3.04).

Figure 4-6. Experimental (Exp) and predicted (MPPD) total lung deposition for
controlied tidal breathing on a mouthpiece.
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4.2.2.2 Extrathoracic Region

The first line of defense for protecting the lower respiratory tract from inhaled particles is the

nose and mouth. Particle deposition in the ET region, especially the nasal passages, reduces the amount

EPA, 2009) were largely derived from computational fluid dynamics (CFD) modeling and experimental
measurements in casts. Those studies generally reported that for particles >1 um, deposition efficiency in
the oral and nasal passages is a function of an impaction parameter (Stokes number) with the addition of a
flow regime parameter (Revnolds number) for the oral passages. New studies are again largely derived
from CFD modeling and experimental measurements in casts. Only a few new studies are discussed here,
these were generally selected as those providing data for infants and children.

Several new papers from the same group describe nasal airway growth and particle deposition
based on studies of nasal casts (Xietal., 2014; Zhou et al.. 2014; Zbhou et al., 2013; Xaetal., 2012). The
casts are for a 10-day old girl, 7-month old girl, a 5-year old boy, and a 53-year old man. The papers

provide morphological data and total and regional deposition data (in vitro and CFD) for ultrafine and
larger-sized particles (2—28 pum). For UFP, CFD simulations showed good agreement with other
published studies of deposition in nasal casts for adults, infants, and children. Predicted ultrafine
deposition was low (<10%) for particles larger than 10 nm, but rose rapidly to between 70 and 90% as
particle size decreased to 1 nm (X3 et al., 2012). For particles <5 nm (not larger sizes), deposition also
increased with decreasing flow (3 to 45 L/min), but this effect was less marked than the increase in
deposition with decreasing particle size. Overall, the nasal deposition fractions of among the casts were
rather similar when assessed as a function of a diffusion factor (D°°Q °2%; where, D is the particle
diffusion coefficient and Q is flow rate). As a function of this diffusion factor, the deposition fractions
were nearly identical for the 5-year old boy and 53-year old man with these two casts having greater
deposition than those for the two younger girls' casts. For larger particles (monodisperse, 2—28 um)
delivered under resting breathing conditions, deposition data were well predicted and similar among all
five casts as a function of a modified-impaction factor (d..>Ap*?; where, Ap is the pressure drop across the

nasal cast).

Another group has also recently published a series of experimental and CFD simulations of
particle deposition in casts (Garcia et al,, 2015; Schroeter ¢t al., 2015; Garcia et al., 2009). The

modified-impaction factor used by Zhou ¢t al. (2014) was adopted from Garcia et al. (2009), who found

that this factor better collapsed deposition factions among five adult nasal casts than several definitions of

the Stokes number for nasal casts. More recently, Garcia et al. (2015) provided simulations of total
ultrafine nasal deposition as well as that on the olfactory mucosa of humans and rats. Similar to Xi et al.
about 10 nm, below which size deposition increased rapidly with decreasing particle size. Rats were
predicted to have greater total and olfactory deposition than humans. However, due the much higher
ventilation rate of humans than rats, humans were predicted to experience greater dose per olfactory
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surface area for particles between 1 and 7 nm; above this size the dose per surface area was slightly

not normalized to olfactory surface arca. Schroeter et al. (2015) provided experimental and CFD

simulations for total and regional deposition of particles between 2.6 and 14.3 um. For 5 to 14.3 um
particles inhaled during rest (Q, 16.5 L/min) about 2—5.5% deposition in the olfactory region was
measured experimentally. In general, the CFD predicted pattern of deposition shifted proximally in the
nose with increasing inspiratory flow and particle size. Nasal deposition was minimal for particles below
3 um and 100% for the 14.3 um particles.

50 +

Olfactory Dose Rate (particles/hr)

1.00 10.00 100.00

Particle size (nm)

Source: Permission pending, Based on empirical equations in Garcia et al. (2009) and Garcia et al. (2015).

Figure 4-7. Predicted nanoparticle olfactory dose rate (particles/hour) for
resting ventilation (human, 7.5 L/min; rat, 0.288 L/min) and a
concentration of one particle/cm? at any given particle size.

Some other recently published studies have used in vitro and in silico models to examine oral and
nasal particle deposition in infants. Kim et al. (2014} used CFD simulations to evaluate particle

inhalability (see Section 4.1.5) and penetration into the lower respiratory tract of a 7-month old. For quiet
nasal breathing (Q, 5 L/min), the authors reported about 13.8% deposition of 2.5 um particles in the nose,
0.4% in the lower-pharynx, and 11.8% in the larynx. As a point of clarification, the authors provided data
separately for the nasopharynx which is the upper-pharynx and the pharynx.* For quiet oronasal

“ Based on Figure 1a of Kim et al. (2014}, it appears that the “pharynx” as used in the paper is the lower-pharynx or
oropharynx which begins at the soft palate and extends to the openings of the larynx and esophagus.
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breathing (Q, 5 L/min; 35% nasal, 65% oral), the authors reported about 3.9% deposition of 2.5 um
particles in the nose, 2.2% in the mouth, 6.9% in the lower-pharynx, and 17.2% in the larynx. Counter to
studies in adults, oronasal breathing increased particle losses in the head by greatly increased deposition
in the lower-pharynx and larynx. Amirav et al. (2014) also provide data suggesting greater ET removal of

particles during oral than nasal breathing at typical breathing rates for 5-, 14-, and 20-month-olds.
Acerosols were generated using a Respimat® soft mist inhaler which produces an aqueous acrosol with a
mode in the range of 1.1-2.1 um, although almost 50% of the acrosol mass associated with particles
>33 um (Zierenberg, 1999). Amirav ¢t al. (2014) found for the 5- and 14-month-olds that the amount of

acrosol penetrating the upper respiratory tract was significantly greater through the oral passages than the

nose. At 20-months of age, the particle loses in the nasal and oral passages were equivalent. In contrast
with adults, these studies suggest that the nasal airways of infants may have lower particle removal
efficiency than the oral airway.

While these in silco (CFD) and in vitro (casts) data are informative, they are not in agreement
with existing experimental data. Figure 4-8 illustrates experimental human nasal deposition data for adults
and children (Bennett et al., 2008; Becquemin et al., 1991) and predictive equation fitting four children’s’

and an adult cast deposition data (Zhou et al.. 2014). Becquemin et al. (1991) provide data for 20 children
(6 M, 14 F; 5-15 years, mean 10 years) and 10 adults (5 M, 5 F; 21-54 years, mean 36 years) who

inhaled 1, 2, and 3 pm particles under breathing conditions simulating rest and moderate exercise.
Bennett et al. (2008) provide data for 12 children (9 M, 3 F; 6—10 years) and 11 adults (6 M, 5 F; 18-27
years) who inhaled 1 and 2 um particles under breathing conditions simulating rest and light exercise. For

Figure 4-8 mean total nasal deposition (101) data for particles were extracted from Table 2 of
Becquemin et al. (1991) and Table 3 of Bennett et al. (2008). Assuming inspiratory and expiratory

deposition efficiency were equivalent, inspiratory nasal deposition efficiency (11msp) Was calculated as:

Ninsp = 1- Y, 1 —total

Equation 4-6

The pressure drop (Ap) across the nose was calculated as the product of nasal resistance and
inspiratory flow provided in the papers. The equation fitting deposition and in five nasal casts (4 children,
I adult) of is not predictive of mean nasal deposition either in children or adults. The mean deposition for

adults tends to exceed that of children.

Figure 4-9 illustrates experimental human nasal deposition data for 2 pm particles in adults and

of adults provides a negative r?, showing that the mean is a better predictor or nasal deposition efficiency
in adults than the Zhou et al. (2014) model. Bennett et al. (2008) used linear regression to examine the

relationship between total nasal deposition and pressure drop and found that the intercept was
significantly increased in adults relative to children. That is, as illustrated in Figure 4-9, there was overlap

in d..*Ap?” between adults and children, but adults had greater nasal deposition than children. Similarly,
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Becgquemin et al. (1991) provided plots of total nasal deposition against the modified-impaction factor,

d.*Ap*®. Although there was considerable overlap in d..*Ap*° between children and adults, nasal

deposition again tended to be greater in adults than in children.
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Source: Permission pending, Human data from Becquemin et al. (1991) and Bennett ef al. (2008) with inspiratory nasal deposition

efficiency estimated using Equation 4-6.

Figure 4-8.

Comparison of group mean human nasal deposition data with

nasal cast deposition data. Nasal efficiency during inspiration is
plotted as a function of the modified impaction parameter. See

text for more details.
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Source: Permission pending, Human data extracted from Figure 5B of Bennett et al. (2008) with inspiratory nasal deposition
efficiency estimated using Equation 4-6.

Figure 4-9. Comparison of individual level data for 2 ym inspiratory nasal
deposition efficiency in during light exercise in adults and
children with nasal cast model efficiency. Individual level
deposition data are for 11 children and 11 adults. See text for
more details.

Theory, CFD modeling, and research measuring deposition in nasal casts show that nasal
deposition efficiency increases with increasing particle size and Ap across the cast. Consistent with that
evidence, the ICRP (1994) Human Respiratory Tract Model recommends the use of scaling factors to
increase nasal deposition in children relative to adults. For the children (Vr, 478 mL; £, 28 min';

2 pm particles of 0.275—0.338 (scaling factor of 1.26 for 10 year olds and 1.58 for 6 year-olds) and N
of 0.217 (scaling factor of 1.0 for adults). The mean experimental 1ins, were 0.136 and 0.257 in children
and adults, respectively. Recognizing that experimental data showed lower nasal deposition in children

than adults, Brown et al. (2013} recommended using a scaling factor of one for estimates of nasal

efficiency in children. Using a scaling factor of one for children (Vr, 478 mL; £, 28 min!), the ICRP
model predicts Minsp of 0.173 for 2 um particles. The scaling factor needs to be reduced to 0.89 to match
the experimental 1insp of 0.136 for 2 pm particles in the Bennett et al. (2008} study. Although theory and

studies using casts suggest increase nasal deposition efficiency with increasing Ap across the nose,
experimental data show less nasal deposition in children than adults.
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4.2.2.3 Tracheobronchial and Alveolar Region

Inhaled particles passing the ET region enter and may become deposited in the lungs. For any
given particle size, the pattern of particle deposition influences clearance by partitioning deposited
material among lung regions. Deposition in the tracheobronchial airways and alveolar region cannot be
directly measured in vivo. Much of the available deposition data for the TB and alveolar regions have
been obtained from experiments with radicactively labeled, poorly soluble particles (U.5. EPA, 1996) or

by use of acrosol bolus techniques (U.S. EPA, 2004). In general, the ability of these experimental data to

define specific sites of particle deposition is limited to anatomically large regions of the respiratory tract
such as the head, larynx, bronchi, bronchioles, and alveolar region. Mathematical modeling can provide
more refined predictions of deposition sites. Highly localized sites of deposition within the bronchi are
described in Section 4.2.2.4. Both experimental and modeling techniques are based on many assumptions
that may be relatively good for the healthy lung but not for the diseased lung. For discussion of these

issues, the reader is referred to Section 4.2.4.4 and Section 4.2.4.5.

The ICRP (1994) relied on scintigraphic and acrosol bolus techniques to estimate TB deposition.
Due to concern that these methods may have led to an overestimation of deposition in the TB airways,

Brown ¢t al. (2013) used the MPPD model to determine particle penetration through the TB airways. That

is, in ascertaining regional lung deposition, there are uncertainties in the ICRP (1994) assessment of TB
deposition due to slow particle clearance from the TB airways and the penetration of ¢ven shallowly
inhaled aerosol boluses into the alveolar region. These would lend toward an overestimation of TB
However, the ICRP (1994) model might be preferable since it was based on human experimental data,
whereas the MPPD model is a deterministic model based on theoretical deposition in a series of tubes.

Accordingly, a comparison of the models was provided by Brown et al. (2013). Most apparent for oral

breathing due to low ET particle removal, the 50% cut points were between 0.5 and 1 pum smaller using

4.2.2.4  Sites of Localized Deposition

From a toxicological perspective, it is important to realize that not all epithelial cells in an airway
will receive the same dose of deposited particles. Localized deposition in the vicinity of airway
bifurcations has been analyzed using experimental and mathematical modeling techniques as described in

prior reviews (U.S. EPA, 2009, 2004, 1996). Although there are a couple of new papers describing

localized ultrafine, fine, and coarse particle deposition in the olfactory region of humans (see
Section 4.3.3.1, Olfactory Delivery), there do not appear to be recent papers describing localized
deposition in the tracheobronchial airways.
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In the 1996 PM AQCD (U5, EPA, 1996), experimental data were available illustrating the peak
deposition of coarse particles (3, 3, and 7 um d..) in daughter airways during inspiration and the parent

airway during expiration, but always near the carinal ridge (Kim and Iglesias, 1989). In the 2004 PM
AQCD (U.S. EPA, 2004), mathematical models predicted distinct “hot spots™ of deposition in the vicinity

of the carinal ridge for both coarse (10 pm) and uvltrafine (0.01 pum) particles (Heistracher and Hofmann

1997; Hofmann et al., 1996). In a model of lung Generations 4—5 during inspiration, hot spots occurred at

the carinal nidge for 10 pm d.. particles due to inertial impaction and for 0.01 pm particles due to
secondary flow patterns formed at the bifurcation. During expiration, preferential sites of deposition for
both particle sizes occurred (1) approaching the juncture of daughter airways on the walls forming and
across the lumen from the carinal ridge; and (2) the top and bottom (visualizing the Y -shaped geometry

laying horizontal) of the parent airway downstream of the bifurcation.

Studies reviewed in the 2009 ISA (U.S. EPA, 2009) further support these findings. Most of these
studies quantified localized deposition in terms of an enhancement factor. Typically, the enhancement

factor was the ratio of the deposition in a prespecified surface area (e.g., 100 x 100 um which corresponds
to ~10 x 10 epithelial cells) to the average deposition density for the whole airway geometry.

Enhancement factors are very sensitive to the size of the surface considered (Balashazy et al., 1999). The

deposition of 0.001 pm is rather uniform, however, the deposition pattern became increasingly less

uniform with increasing particle size (Farkas and Balashédzy, 2008; Farkas et al.. 2006). For particles

greater than ~0.01 um, some cells located near the carinal ridge of bronchial bifurcations may receive
hundreds to thousands of times the average dose (particles per unit surface area) of the parent and
daughter airways. The inertial impaction of particles >1 um d.. at the carinal ridge of large bronchi also

increases with increasing inspiratory flows.

4.2.3 Interspecies Patterns of Deposition

Across species comparisons of the modeling of total, extrathoracic, tracheobronchial, and alveolar
among species with the exception of rodents having lower deposition of particles larger than 2.5-3 um
due to lower inhalability of rodents relative to larger mammals. Figure 4-10 illustrates the experimental
regional deposition in mice, rats, dogs, and humans. Regional deposition is the fraction of particles found

in each compartment relative to total respiratory tract deposition.
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Source: Permission pending, Brown (2015).

Figure 4-10. Experimental regional particle deposition (normalized to total
deposition) in select mammalian species. (A) extrathoracic
deposition (nasal breathing); (B) tracheobronchial deposition;
and (C) pulmonary deposition.
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Some of the within species variability may be attributable to breathing pattern. Kuehl et al. (2012)
reported breathing patterns for mice (V= 0.20 mL, f=275 min ') and rats (V+ = 1.71 mL,

/=181 min'). The freported by Kuchl et al. (2012) for mice are similar to those of restrained mice in

Table 4-1. Neither Raabe et al. (1988) nor Snipes et al. (1983) reported breathing patterns. On average,
Cuddihy et al. (1969) reported a Vr of 164 mL and fof 12 min™! in dogs. However, there was

considerable within dog variability among the acrosol exposures in the Cuddihy et al. (1969) study, with

Vr ranging from 130 to 200 mL and f ranging from 8 to 20 min"'. The human data arc for a male with
resting breathing pattern (V1 = 625 mL, /= 12 min') as predicted by the ICRP (1994) Human
Respiratory Tract Model. There are some limited scintigraphic regional deposition data for three baboons
(10—-14 kg; 6.3 + 0.5 years of age) from Albugquerque-Silva et al. (2014). Similar to data in Figure 4-10,

the baboon data showed increasing extrathoracic deposition with increasing particle size from 0.23 to

2.8 um (activity median acrodynamic diameter).

Despite the within and between species differences, some trends become apparent from this
figure. First, the ET fraction generally increases with decreasing species size and increasing particle size.
Second, the pulmonary fraction generally decreases with decreasing species size and increasing particle
size. Third, the TB fraction is a small component of the overall deposition. With respect to this third
observation, however, it should be noted that due to relatively small surface arca of the TB region,
delivered surface doses can be quite high.

4.2.4 Factors Modulating Deposition

4.2.41 Physical Activity

The activity level of an individual is well recognized to affect their minute ventilation and route
of breathing. Changes in minute ventilation during exercise are accomplished by increasing both Vr and f
rest to increasingly through the mouth with increasing activity level. There is considerable variability in
both the route by which people breathe and is affected by sex, age, nasal resistance, and upper airway

infection and inflammation.
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Table 4-2. Breathing patterns with activity level in adult human male.

Awake Light Moderate Heavy

Activity Rest? Slow Walk? Exertion? Exertion? Exertion®
Breaths/min 12 16 19 28 26
Tidal volume, mL 625 813 1,000 1,429 1,023
Minute ventilation, L/min 75 13 19 40 50

ade Winter-Sorkina and Cassee (2002).
PICRP (1994).

When individuals increase their ventilation with activity the total number of particles inhaled per
unit time (i.¢., exposure rate) increases, but the fractional deposition of particles in each breath also
changes with breathing pattern. Figure 4-11 illustrates the particle deposition at two breathing patterns in
both a human and mouse. During exercise, both Vr and fincrease. Fractional deposition for all particles
increases with increased V. Increasing the 7, however, decreases the fractional deposition of PM» s and
UFPs due to decreased time for gravitational and diffusive deposition. For particles of larger than a d*° of
roughly 3 pm, increasing f'can increase the deposition fraction due to increased impaction in the
extrathoracic and TB airways. Thus, it should be expected that the change in deposition fraction with
activity will vary among individuals depending on the relative influences of these two variables (i.e., Vr

and /) in a given subject and the particle size to which they are exposed.

Experimentally, the lung deposition fractions of fine particles during moderate exercise and

mouth breathing are unchanged between rest and exercise (Bennett ¢t al., 1985; Morgan et al.. 1984).

Léndahl et al. (2007) also found no difference in deposition fractions of particles (hygroscopic and
hydrophobic; 0.013—-0.290 pm mobility diameter of dry particles) between rest (Vr=0.72+ 0.15L;
f=12+2min!) and exercise (Vr=2.1£035L; /=17 £ 4 min ). Kim (2000) evaluated differences in

deposition of 1, 3, and 5 um particles under varying breathing patterns (simulating breathing conditions of

sleep, resting, and mild exercise). Total lung deposition increased with increasing Vr at a given flow rate
and with increasing flow rate at a given breathing period. These experimental studies suggest that the total
deposited dose rate (i.c., deposition per unit time) of particles will generally increase in direct proportion

to the increase in minute ventilation associated with exercise.
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Figure 4-11. Effect of increasing minute ventilation on total and regional
deposition. Human, rest (Vr1, 625 mL; f, 12 min™"); Human, light
exercise (Vr, 1,000 mL; £, 19 min™); Mouse, unrestrained (Vr,
0.19 mL; f, 145 min™'); Mouse, restrained (V1, 0.22 mL; f,

290 min™).

The changes in ventilation, i.¢., breathing pattern and flow rate, may also alter the regional
deposition of particles. Coarse particle deposition increases in the TB and ET regions during exercise due
to the increased flow rates and associated impaction. A rapid-shallow breathing pattern during exercise
may result in more bronchial airway versus alveolar deposition, while a slow-deep pattern will shift

deposition to deeper lung regions (Valberg et al.. 1982). Bennett et al. (1985) showed for 2.6 pum particles

that moderate exercise shifted deposition from the lung periphery towards ET and larger, bronchial
airways. Similarly, Morgan et al. (1984) showed that even for fine particles (0.7 um) TB deposition was

enhanced with exercise. This shift in deposition toward the bronchial airways results in a much greater
dose per unit surface area of tissue in those regions. Morgan ¢t al. (1984) also found that the

apical-to-basal distribution of fine particles increased with exercise, 1.¢., a shift towards increased
deposition in the lung apices. This shift may be less likely for larger particles, however, whose deposition
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4.24.2 Age

Airway structure and respiratory conditions vary with age, and these variations may alter the
amount and site of particle deposition in the respiratory tract. It was concluded in the 2004 PM AQCD
(U.5. EPA, 2004) that significant differences between adults and children had been predicted by

mathematical models and observed in experimental studies. Modeling studies generally indicated that ET

and TB deposition was greater in children and that children received greater doses of particles per lung
surface area than adults. Experimental studies show lower nasal particle deposition in children than adults
(see Figure 4-9). Relative to adults, children also tend to breathe more through their mouth (see

Section 4.1.3 Route of Breathing) which is less efficient for removing inhaled particles than the nose (see
Section 4.1.6 Thoracic and Respirable Particles). For typical activity levels and route of breathing, the
50% cut-size for the thoracic fraction is at an acrodynamic diameter of around 3 pm in adults and 5 pm in
children. These findings suggest that the lower respiratory tract of children may receive a higher intake
dose of ambient PM compared to adults. Recent experimental studies suggest increased lower respiratory
tract deposition fraction of particles in children relative to adults, but this may be an artifact of the

methodology.

As discussed in the last PM ISA (1U.S. EPA, 2009), during oral breathing on a mouthpiece,

Bennett and Zeman (1998) measured the deposition fraction of inhaled, fine particles (2 um d..) in

children (age 714 years, n = 16), adolescents (age 14—18 years, n = 11), and adults (age 19-35 years,

n = 12) as they breathed the acrosol with their natural, resting breathing pattern. The deposition fraction
of particles was not significantly different among age groups. Among the children, variation in deposition
fractions was highly dependent on inter-subject variation in V-, but not height which is a predictor of lung
volume. However, there was no difference in deposition fractions between children and adults for these
fine particles. This finding and the modeling predictions (Hofimann et al., 1989) are explained, in part, by

the smaller Vr and faster breathing rate of children relative to adults for natural breathing conditions.

Bennett et al. (2008} also reported measures of fine particle (1 and 2 ym) deposition at ventilation rates

typical of rest and light exercise in children (age 610 vears, n = 12) and adults (age 18—27 vears. n = 11).
This study also found that the deposition of 2 um d,. particles during oral breathing and under conditions
of rest and light exercise did not differ significantly between children and adults. However, the DF of

I pm d.. particles during oral breathing was significantly increased in adults relative to children for both
breathing rates. The authors attributed increased DF in adults to mixing of inhaled aerosol with reserve
air. Deposition during nasal inhalations, were significantly increased in adults relative to children for the
2 um particles at both breathing patterns (rest and light exercise) and for the 1 um particles during light
exercise. Across all children and adults, the deposition of both 1 and 2 pm particles was generally a
function of residences time within the lungs and depth of breathing. Because children breathe at higher
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minute ventilations relative to their lung volumes, the rate of deposition of fine particles normalized to
lung surface area may be greater in children versus adults (Bennett and Zeman, 1998).

Rigsler et al. (2017a) also measured deposition in children and adults, but who were spontancous

breathing on a mouthpiece. On average, across all particle sizes (15 nm to 5 um), the deposition fraction
tended to be greater by 11% (1-DFenig/DF.aur) 1n children (n = 7; 7-12 years; Vr, 0.51 £ 0.13 L; £,

16 + 3 min ') than adults (n = 60; 20—67 years; V1, 0.73£ 022 L; £, 11 £ 3 min'). Absolute difference in
the deposition fractions between children and adults were 5% for 15 nm to 50 nm particles; 3—-4% for

50 nm to 1.9 pm particles; 6—10% for 1.9 pm to 5 pm particles. Generally consistent with Bennett and
Zeman (1998) and Bennett et al. (2008), stepwise regression showed the best predictors of deposition for

prespecified size ranges (e.g., 15-30 nm and 1.3—1.9 um) to be Vr, time of breathing cycle, anatomic
dead space, and a measure of airway resistance. For most particle sizes, deposition decreased increasing
anatomic dead space; deposition increased with increasing Vr, time of breathing cycle, and airway

resistance.

Olvera ¢t al. {2012) measured hygroscopic particle deposition during spontaneous breathing on a
mouthpiece in healthy men (n = 5; age, 26 £ 7 vears; V1, 0.66 = 0.34 L; £, 13 = 2 min '), healthy boys
(n=8;age, 13+ 2 vyears; V1, 037+ 0.20 L; £, 18 £ 10 min™!), and boys with asthma (n = 9; age,

12 4+ 3 years; V1, 0.38 £0.20 L; /, 16 + 5 min"). The authors estimated a total deposition fraction for a
polvdisperse UFPs (median, 40 nm; GSD. 1.9) of 0.48 for the healthy children and 0.54 for the asthmatic
children, the latter of which was significantly (p = 0.002) greater than 0.36 for the adults.

The tendencies for increased deposition in healthy children versus healthy adults in the Rissler et

al. (2017a) and Olvera et al. (2012} studies could, in large part, be due to spontancous breathing on a

mouthpiece. Spontaneous breathing on a mouthpiece generally results in increases in Vr and decreases in

f(long breathing period) relative to natural unencumbered breathing (Bennett et al.. 1996). Both of these

changes in breathing pattern (i.e., the increase in Vr and decrease in f) cause increases in deposition by
diffusion and sedimentation. If these changes were equivalently affecting both children and adults, then a
comparison of the relative deposition fractions may be unaffected. For natural breathing, Bennett et al.
(2008) found that Vr as a fraction of resting lung volume (i.e., Vi/(FRC + V1) was not different between
adults and children (0.14 + 0.03 vs. 0.16 + 0.04, respectively); whereas, for spontancous breathing on a
mouthpiece in the Rissler et al. (2017a) study, the different between adults and children (0.21 £ 0.16 vs.
0.25 £ 0.05, respectively) is statistically significant by a two-tailed 7-test (p = 0.011) based on data in

supplemental materials (Rissler et al.. 2017b). Spontancous breathing on a mouthpicce resulted in an

increase in Vr relative to lung volume that was larger for children than adults which in and of itself may

have led to the tendency for greater deposition in children versus adults.

In 62 healthy adults with normal lung function aged 18—80 vears, Bennett et al. (1996) showed
there was no effect of age on the whole lung deposition fractions of 2-um particles under natural

breathing conditions. Across all subjects, the deposition fractions were found to be independent of age,
depending on breathing period (» = 0.58, p <0.001) and airway resistance (r = 0.46, p <0.001). In the
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same adults breathing with a fixed pattern (360 mL V., 3.4 s breathing period), there was a mild decrease
in deposition with increasing age, which could be attributed to increased peripheral airspace dimensions

in the elderly.

4.2.4.3  Sex

Males and females differ in body size, conductive airway size, and ventilatory parameters;
therefore, sex differences in deposition might be expected. In some of the controlled studies, however, the
men and women were constrained to breathe at the same V-t and /. Since women are generally smaller
than men, the increased minute ventilation of women compared to their normal ventilation could affect
deposition patterns. This may help explain why sex related effects on deposition have been observed in
some studies. As discussed in Section 41,3, females have a greater nasal breathing contribution than
males across all ages. This reduces exposure and deposition of particles in the lower respiratory tract of

females relative to males under normal breathing conditions.

(Kim and Hu, 1998) assessed the regional deposition patterns of 1-, 3-, and 5-um particles in

healthy adult males and females using controlled breathing on a mouthpiece. The total fractional
deposition in the lungs was similar for both sexes with the 1-um particle size, but was greater in women
for the 3- and 5-um particles. Deposition also appeared to be more localized in the lungs of females

compared to those of males. Kim and Jagues (2000} measured deposition in healthy adults using sizes in

the ultrafine mode (0.04—0.1 um). Total fractional lung deposition was greater in females than in males
for 0.04- and 0.06-um particles. The region of peak fractional deposition was shifted closer to the mouth
and peak height was slightly greater for women than for men for all exposure conditions. The total lung
deposition data for these ultrafine aerosols in men and women are illustrated in Figure 4-6 in

Section 4.2 2.1, data for the coarse particles are form a different study (Kim and Hu, 2006) than discussed

by the MPPD model. These differences can generally be attributed to the smaller size of the upper

airways, particularly of the laryngeal structure, and smaller airways in the lungs of females than males.

In another study by Bennett et al. (1996), the total respiratory tract deposition of 2-um particles

was examined in adult males and females aged 18—80 years who breathed with a normal resting pattern.
There was a tendency for a greater deposition fractions in females compared to males. However, since
males had greater minute ventilation, the deposition rate (i.e., deposition per unit time) was greater in

males than in females. Bennett and Zeman (2004} found no difference in the deposition of 2-um particles

in boys versus girls aged 6—13 years (n = 36).
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4.2.4.4 Body Mass Index

Bennett and Zeman (2004) expanded their measures of fine particle deposition during resting

breathing to a larger group of healthy children (6—13 years; 20 boys, 16 girls) and found again that the
variation in total deposition, was best predicted by Vr (» = 0.79, p <0.001). But both V1 and resting
minute ventilation increased with both height and body mass index (BMI) of the children. Interestingly,
these data suggest that for a given height and age, children with higher BMI have larger minute
ventilations and Vr at rest than those with lower BMI These differences in breathing patterns as a
function of BMI translated into increased deposition of fine particles in the heaviest children. The rate of
deposition (i.e., particles depositing per unit time) in the overweight children was 2.8 times that of the
leanest children (p < 0.02). Among all children, the rate of deposition was significantly correlated with
BMI (r = 0.46, p < 0.004). Some of the increase in deposition fractions of heavier children may be due to
their elevated V1, which was well correlated with BMI (» = 0.72, p < 0.001).

Consistent with the findings of Bennett and Zeman (2004), ventilation rates are increased in

overweight individuals compared to those of normal weight (Brochu et al., 2014). For example, median

daily ventilation rates (m*/d) are about 1.2 times greater in overweight (>85th percentile body mass index
{BMI]) than normal weight children (5—10 years of age). In 35—45-year-old adult males and females,
ventilation rates are 1.4 times greater in overweight (BMI > 25 kg/m?) than normal weight (18.5 to

<25 kg/m? BMI) individuals. Across all ages, overweight/obese individuals respire greater amounts of air
(Route of Breathing), some studies suggest that obese children may breathe a higher fraction through the
mouth than normal weight children. Increased minute ventilation, a potentially lower nasal breathing
fraction, and increased DF with increasing BMI would all lead to greater rates of deposition in the lung as

well.

4.2.4.5 Anatomical Variability

Anatomical variability, even in the absence of respiratory disease, can affect deposition
throughout the respiratory tract. The ET region is the first exposed to inhaled particles and, therefore,
deposition within this region would reduce the amount of particles available for deposition in the lungs.
Variations in relative deposition within the ET region will, therefore, propagate through the rest of the

respiratory tract, creating differences in calculated doses among individuals.

The influence of variations in nasal airway geometry on particle deposition has been investigated.
Cheng et al. (1996) examined nasal airway deposition in healthy adults using particles ranging in size

from 0.004 to 0.15 wm and at two constant inspiratory flow rates, 167 and 333 mL/s. Interindividual
variability in deposition was correlated with the wide variation of nasal dimensions; in that, greater

surface area, smaller cross-sectional area, and increasing complexity of airway shape were all associated
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with enhanced deposition. Bennett and Zeman (2005) have also shown that nasal anatomy influences the

efficiency of particle uptake in the noses of adults. For light exercise breathing conditions in adults, their
study demonstrated that nasal deposition efficiencies for both 1 and 2 pm monodisperse particles were
significantly less in African Americans versus Caucasians. The lesser nasal efficiencies in

African-Americans were associated with both lower nasal resistance and less elliptical nostrils compared
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Within the lungs, the branching structure of the airways may also differ between individuals.

Zhao et al. (2009} examined the bronchial anatomy of the left lung in patients (132 M, 84 W; mean age

9 47 years) who underwent conventional thoracic computed tomography scans for various reasons. At the
10 level of the segmental bronchus in the upper and lower lobes, a bifurcation occurred in the majority of
11 patients. A trifurcation, however, was observed in 23% of the upper and 18% of the lower lobes. Other

12 more unusual findings were also reported such as four bronchi arising from the left upper lobe bronchus.

13 Anatomic variability is also seen in other species. Miller et al. {(2014) provide noticeably differing

14  TB morphologies between two Sprague-Dawley rats of quite similar weight and lung volume. Although
15 the patterns of depositing between lung regions were nearly identical, the morphometric differences in the
16 TB airways caused slightly increased deposition (1-4% absolute difference) of 1 to 3 wm in this region of

17 one rat relative to the other. However, across rat strains, Miller et al. (2014) found large differences in

18  deposition patterns across all particle sizes (0.01-10 um) with Sprague-Dawley having increased TB and
19  decreased PU particle deposition relative to a Long-Evans rat. For example, with endotracheal exposure
20 the deposition fractions in the TB region for 0.03 and 3 um particles were 30 and 80% (respectively) in
21 the Sprague-Dawley, whereas they were only 10 and 30% (for 0.03 and 3 um, respectively) in the

22 Long-Evans rat. However, the PU deposition was much greater for particles <0.1 and >1 um in the

23 Long-Evans than the Sprague-Dawley rat. More interesting, for the case of an endotracheal exposure,

24 particles >3 um were able to penetrate through the TB airways to deposit in the PU region of the

25  Long-Evans rat, whereas the PU deposition was effectively zero by 4 um in the Sprague-Dawley.

26 As described in Section 4.2.2 .4, deposition can be highly localized near the carinal ridge of
27  bifurcations. The effect of a bifurcation versus other branching patterns on airflow patterns and particle
28  deposition has not been described in the literature. Martonen et al. (1994) showed that a wide blunt

29  carinal ridge shape dramatically affected the flow stream lines relative to a narrower and more rounded
30 ridge shape. Specifically, there were high flow velocities across the entire area of the blunt carinal ridge
31 versus a smoother division of the airstream in the case of the narrow-rounded ridge shape. The

32 implication may be that localized particle deposition on the carinal ridge would increase with ridge width.
33 A similar situation might be expected for a trifurcation versus a bifurcation. These differences in

34  branching patterns provide a clear example of anatomical variability among individuals that might affect

35  both air flow patterns and sites of particle deposition.
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4.2.4.6 Ventilation Distribution

Regional deposition in excess of regional ventilation to poorly ventilated arcas has been reported
for acrosols in the 0.5 to 1.0 um size range and attributed to increased residence time in obstructed areas
(Susskind et al., 1986; Trajan ¢t al., 1984). However, others show increasing deposition with increasing

ventilation. For instance, a significant association of increased acrosol (1.2 um) deposition in better
ventilated regions has been observed in lung transplant patients with bronchiolitis obliterans (O'Riordan et
al., 1995). The trend for increased aerosol (0.78 um) deposition with increasing ventilation has also been
reported in normal individuals and asymptomatic smokers (Chamberlain et al., 1983). Other studies using

similar sized aerosols, have found no association between ventilation distribution and particle deposition
(O'Riordan and Smaldone, 1994; Smaldone et al.. 1991). All of these studies compared regional

ventilation to the regional particle deposition using scintigraphic methods. The mixed results in these
studies may be due to deposition not having a simple monotonic relationship with ventilation.

Brown et al. (2001) examined the relationship of 5 um particles in healthy adults (n = 11) and

patients with cystic fibrosis (n = 12) using scintigraphic techniques. Deposition of particles in the TB
airways followed the pattern of ventilation in the healthy individuals, whereas it was inversely related to

ventilation in the patients. This is consistent with Kim ¢t al. (1983} who found the pattern of particle

deposition (3.0 um) followed ventilation distribution in a three generation model, but was enhanced in the
vicinity of obstructions. Consistent with Brown et al. (2001) data in healthy individuals, Verbanck et al.

particles (6 um) followed regional ventilation in a human airway cast which extended out to the fifth

airway generation at inspiratory flows mimicking light and heavy exercise.

In the alveolar region, Brown et al. (2001) found deposition very strongly associated with

ventilation distribution in the patients, i.¢., the well-ventilated regions received increased alveolar
deposition of particles relative to poorly ventilated regions. A similar trend was observed in the healthy
individuals, but a more uniform pattern of ventilation lead to smaller differences in ventilation and
deposition between lung regions. The recent experimental study of healthy adults (n =7) by Sa ¢t al.
(2017) supports that alveolar deposition of coarse particles (5 pum) is directory proportional ventilation.

particles.

With regard to interpreting the above discussion of coarse particle (5—6 pum) deposition in the
lungs, it should be stress that the experimental and modeling work done with oral breathing on a

mouthpiece. Referring back to Section 4.1.6 and Figure 4-3, these coarse particles would not be expected

to reach the lower respiratory tract during nasal breathing.
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4.2.4.7 Respiratory Tract Disease

The presence of respiratory tract disease can affect airway structure and ventilatory parameters,

thus altering deposition compared to that occurring in healthy individuals. The effect of airway diseases

2004, 1996) and the 2009 PM ISA (U.S. EPA, 2009). Studies described therein showed that people with
chronic obstructive pulmonary disease (COPD) had very heterogencous deposition patterns and

differences in regional deposition compared to healthy individuals. People with obstructive pulmonary
diseases tended to have greater deposition in the TB region than did healthy people. Furthermore, there
tended to be an inverse relationship between bronchoconstriction and the extent of deposition in the
alveolar region, whereas total respiratory tract deposition generally increased with increasing degrees of

airway obstruction. There are some limited new data available for children with asthma.

Olvera et al. (2012} measured hygroscopic particle deposition during spontaneous breathing on a
mouthpiece in healthy men (n = 35; age, 26 + 7 years; Vr, 0.66 = 0.34 L; . 13 = 2 min ™), healthy boys
(n=8;age, 13+ 2vears; V1, 0.37+£020L; /, 18 £ 10 min '), and boys with asthma (n = 9; age,

12 + 3 years; V1, 0.38 £0.20 L; /. 16 + 5 min ). The children with asthma had about 2-4% (absolute

difference) greater deposition than healthy children for particles between 10—90 nm, and above this size

the data converged. Across all particles sizes, the children with asthma had 8% (absolute difference)
greater deposition than adults, this difference ranged from 3% for 11 nm particles to 10% for 200 nm
particles. The authors estimated a total deposition fraction for a polyvdisperse UFPs (median, 40 nm; GSD,
1.9) of 0.48 for the healthy children and 0.54 for the asthmatic children, the latter of which was
significantly (p = 0.002) greater than 0.36 for the adults. As discussed in Section 4.2.4.2, spontancous
breathing on a mouthpiece may have resulted in an increase in Vr relative to lung volume that was larger
for children than adults which may have led to the tendency for greater deposition in children versus
adults. It is not clear if asthma additionally affected breathing patterns. A prior study of adults using a
fixed breathing pattering showed a greater deposition fraction of 1 um particles in individuals with
asthma relative to healthy adults (22 vs. 14%, respectively) (kim and Kang, 1997).

The vast majority of deposition studies in individuals with respiratory disease have been
performed during controlled breathing, i.¢., all subjects breathed with the same V1 and /. However,
although resting Vr is similar or elevated in people with COPD compared to healthy individuals, the
former tend to breathe at a faster rate, resulting in higher than normal tidal peak flow and resting minute
ventilation. Thus, given that breathing patterns differ between healthy and obstructed individuals, particle
deposition data for controlled breathing may not be appropriate for estimating respiratory doses or dose
rates from ambient PM exposures.

Bennett et al. (1997) measured the fractional deposition of insoluble 2 pm particles in

moderate-to-severe COPD patients (n = 13; mean age 62 years) and healthy older adults (n = 11; mean
age 67 years) during natural resting breathing. COPD patients had about a 1.6-times greater deposition

fraction and a 1.5-times greater resting minute ventilation relative to the healthy adults. As a result, the
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patients had an average deposition rate of about 2.4-times that of healthy adults. Similar to previously
reviewed studies (U.S. EPA, 2004, 1996), these investigators observed an increase in deposition with an

increase in airway resistance, suggesting that deposition increased with the severity of airway discase.
Across a broad range of obstructive disease severity using a fixed breathing pattern, Kim and Kang
(1997} previously reported the deposition of 1 pm particles to be well associated with several measures of

lung function.

Brown et al. (2002) measured the deposition of UFPs (CMD = 0.033 um) during natural resting

breathing in 10 patients with moderate-to-severe COPD (mean age 61 years) and nine healthy adults

(mean age 53 years). The COPD group consisted of seven patients with chronic bronchitis and three
patients with emphysema. The total deposition fraction in the bronchitic patients (DF, 0.67) was
significantly (p < 0.02) greater than in either the patients with emphysema (DF, 0.48) or the healthy
subjects (DF, 0.54). Minute ventilation increased with disease severity (healthy, 5.8 L/min; chronic
bronchitic, 6.9 L/min; emphysema, 11 L/min). Relative to the healthy subjects, the average dose rate was
significantly (p < 0.05) increased by 1.5 times in the COPD patients, whereas the average deposition
fraction only tended to be increased by 1.1 times. These data further demonstrate the need to consider
dose rates (which depend on minute ventilation) rather than just deposition fractions when evaluating the

effect of respiratory disease on particle deposition and dose.

Most of the available literature on particle deposition in the diseased lung have considered
obstructive lung disease. There are some limited data showing ultrafine and fine particle (0.02—0.25 um)

relative to individuals with normal lungs (Tobin et al., 1983b). Thus, as described above for individuals

with obstructive disease, it should be expected that dose rate for particulate matter would be increased in
individuals with restrictive lung disease due to their increased ventilation rates comparted to individuals

free of lung discase.

4.2.4.8 Particle Hygroscopicity

(1984) found minimal deposition in the range of 0.06 to 0.09 um for hygroscopic particles, whereas it was
in the range 0.3 to 0.6 um for hydrophobic particles. The deposition curves for hygroscopic and
hvdrophobic particles intersected at approximately 0.15 pm in the Tu and Knutson (1984) study. This

implies that hygroscopic growth reduced diffusive deposition below 0.15 um and increased aerodynamic
deposition above this particle size. Nonhygroscopic particles around 0.3 pm have minimal intrinsic
mobility and low total deposition in the lungs. Hygroscopic 0.3 um (dry diameter) salt particles will grow
to nearly 2 wm in the respiratory tract and deposit to a far greater extent than hydrophobic 0.3 um
particles (Anselm et al., 1990).
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Loéndahl et al. (2007) measured particle deposition in 29 individuals (20 M, 9 F; median age,
25 years) who inhaled hygroscopic and hydrophobic particles between 0.013 and 0.290 pm (mobility

diameter of dry particles) by mouth during spontancous breathing (not their natural breathing pattern
measured prior to being on a mouthpiece) while engaged in rest (V=072 +0.15L; f=12+ 2 min!) or
exercise (Vr=2.1+05 L; f= 17 + 4 min"!). Deposition fractions for each particle type were minimally
affected by sex or activity. The prior study by Tu and Knutson (1984) found the deposition curves for

et al. (2007) study. From this figure, it is seen that the growth of 0.02 to 0.03 um hygroscopic particles
lowers their diffusive deposition to that of 0.07 um hydrophobic particles. Deposition of the hygroscopic
particles reached a minimum in the range of 0.1 to 0.14 um. Hygroscopic growth reduced diffusive
deposition below 0.2 um and increased acrodynamic deposition above this particle size.

Olvera et al. (2012} also measured hygroscopic particle deposition during spontaneous breathing
on a mouthpiece in five healthy men (age, 26 & 7 years; Vr, 0.66 = 0.34 L; /. 13 + 2 min'), eight healthy
boys (age, 13 + 2 years; Vr, 0.37 £0.20 L; . 18 = 10 min!), and nine boys with asthma (age.

comparison with the data by Londahl et al. (2007).

Ferron et al. (2013) provide a model for hygroscopic particle deposition in the rat lung and

compare with the predicted deposition in humans (adult male only). The paper illustrates the effect of
particle size on the time required to its equilibrium size in the respiratory tract. As particle size is
increased from 0.05 to 0.5 and to 2.0 pm, the time to reach equilibrium increased from 0.01 sto 1 s and to
10 s, respectively. The effect of varied hygroscopicity on particle equilibrium size and deposition were
also provided. For example, given the same inhaled particle size, sodium chloride grows to about twice as
large as zinc sulfate. Relative to hydrophobic particles, total deposition decreased for sodium chloride
particles <0.3 um and decreased for zinc sulfate particles <0.4 um due to the reduction in diffusivity with
mcreasing size due to particle growth. Above these sizes (i.¢., 0.3 to 0.4 um), total deposition increased
due to the increase in inertial properties relative to hydrophobic particles. The reduction in diffusive
deposition and increase in inertial deposition were more pronounced for sodium chloride than zinc sulfate

relative to hydrophobic particles. For relaxed, resting breathing, Ferron et al. (2013) predicted that

hvgroscopic growth would affect deposition mainly for particles between 0.02 and 5 pm in the rat and
between 0.02 and 6 um in adult human males.
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Figure 4-12. Total deposition fraction of hygroscopic sodium chloride (NaCl)
and hydrophobic diethylhexylsebacate oil aerosols in aduits
during oral breathing at rest as a function of dry particle diameter.

4.2.5 Summary

Particle deposition in the respiratory tract occurs predominantly by diffusion, impaction, and
sedimentation. Deposition is minimal for particle diameters in the range of 0.1 to 1.0 pum, where particles
are small enough to have minimal sedimentation or impaction and sufficiently large so as to have minimal
diffusive deposition. In humans, total respiratory tract deposition approaches 100% for particies of
roughly 0.01 um due to diffusive deposition and for particles of around 10 um due to the efficiency of

sedimentation and impaction.

The first line of defense for protecting the lower respiratory tract from inhaled particles is the
nose and mouth. Nasal deposition approaches 100% in the average human for 10 pm particles.
Experimental studies show lower nasal particle deposition in children than adults. Relative to adults,
children also tend to breathe more through their mouth which is less efficient for removing inhaled
particles than the nose. These findings suggest that the lower respiratory tract of children may receive a
higher dose of ambient PM compared to adults. Since children breathe at higher minute ventilations
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relative to their lung volumes, the rate of particle deposition normalized to lung surface area may be
further increased relative to adults.

People with COPD generally have greater total deposition and more heterogeneous deposition
patterns compared to healthy individuals. The observed increase in deposition correlates with increases in
airway resistance, suggesting that deposition increases with the severity of airway obstruction.
Destruction of peripheral airspaces, such as with emphysema, can decrease particle deposition on a breath
by breath basis. However, COPD patients also have an increased resting minute ventilation relative to the
healthy adults. This demonstrates the need to consider dose rates (which depend on minute ventilation)
rather than just deposition fractions when evaluating the effect of respiratory disease on particle

deposition and dose.

Modeling studies indicate that, for particles greater than ~0.01 um, some cells located near the
carinal ridge of bronchial bifurcations may receive hundreds to thousands of times the average dose
(particles per unit surface area) of the parent and daughter airways. The inertial impaction of particles
>1 um at the carinal ridge of large bronchi increases with increasing inspiratory flows. Airway
constriction can further augment the overall deposition efficiency of coarse particles at downstream
bifurcations. These findings suggest that substantial doses of particles may be justified for in vitro studies

using tracheobronchial epithelial cell cultures.

Our ability to extrapolate between species has improved since the 2009 ISA (U.S. EPA, 2009).

However, some considerations related to coarse particles warrant comment. The inhalability of particles

having of 2.5, 5, and 10 um is 80, 65, and 44% in rats, respectively, whereas it remains near 100% for

10 um particles in humans. In most laboratory animal species (rat, mouse, hamster, guinea pig, and dogs),
deposition in the extrathoracic region is near 100% for particles greater than 5 um. By contrast, in
humans, nasal deposition approaches 100% for 10 um particles. Oronasal breathing versus obligate nasal
breathing further contributes to greater penctration of coarse particles into the lower respiratory tract of

humans than rodents.

4.3 Particle Clearance

This section discusses the clearance and translocation of poorly soluble particles that have
deposited in the respiratory tract. The term “clearance™ is used here to refer to the processes by which
deposited particles are removed by mucociliary action or phagocytosis from the respiratory tract.
“Translocation” is used here mainly to refer to the movement of free particles across cell membranes and
to extrapulmonary sites. In the literature, translocation may also refer to the extra and intracellular
dissolution of particles and the subsequent transfer of dissociated material to the blood through extra and

intracellular fluids and across the various cell membranes and lung tissues.
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A basic overview of biological mechanisms and clearance pathways from various regions of the
respiratory tract are presented in the following sections. Then regional kinetics of particle clearance are
addressed. Subsequently, an update on interspecies patterns and rates of particle clearance is provided.
The translocation of UFPs is also discussed. Finally, information on biological factors that may modulate

clearance is presented.

4.3.1 Clearance Mechanisms

For any given particle size, the deposition pattern of poorly soluble particles influences clearance
by partitioning deposited material between lung regions. Tracheobronchial clearance of poorly soluble
particles in humans, with some exceptions, is thought (in general) to be complete within 24—48 hours
through the action of the mucociliary escalator. Clearance of poorly soluble particles from the alveolar

region is a much slower process which may continue from months to years.

4.3.1.1 Extrathoracic Region

Particles deposited in either the nasal or oral passages are cleared by several mechanisms.
Particles depositing in the mouth may generally be assumed to be swallowed or removed by
expectoration. Particles deposited in the posterior portions of the nasal passages are moved via
mucociliary transport towards the nasopharynx and swallowed. Mucus flow in the most anterior portion
of the nasal passages is forward, toward the vestibular region where removal occurs by sneezing, wiping,

or nose blowing.

respiratory tract model. Deposition in the extrathoracic regions is considered as divided among the
anterior and posterior nasal passage, oropharynx, and, depending on route of breathing, the mouth.
Regardless of inhaled particle size, deposition in the nasal passages is portioned to have 65% in the
anterior and 35% in the posterior nose. Of the deposition in the anterior nose, 29% is cleared by nose
blowing, 71% is cleared to the posterior nose from which nearly all is cleared to the gastro-intestinal (GI)
tract with only 0.05% sequestered in the nose. This new model was based on a study of nasal clearance in
healthy adults (8 M, 1 F; 43 & 10 years) who inhaled '''In-labeled particles of 1.5, 3, or 6 um under

conditions of rest and light exercise (Smith et al., 2011).

4.3.1.2 Tracheobronchial Region

Mucociliary clearance in the TB region has generally been considered to be a rapid process that is
relatively complete by 24—48 hours post-inhalation in humans. Mucociliary clearance is frequently
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modeled as a series of “escalators” moving material proximally from one generation to the next. As such,
the removal rate of particles from an airway generation increases with increasing tracheal mucus velocity.
Assuming continuity in the amount of mucus between airway generations, mucus velocities decrease and
transit times within an airway generation increase with distal progression. Although clearance from the
TB region is generally rapid, experimental evidence discussed in the 1996 and 2004 PM AQCD (U.5.
EPA, 2004, 1996), showed that a fraction of material deposited in the TB region is retained much longer.

The slow-cleared TB fraction (i.c., the fraction of particles deposited in the TB region that are
subject to slow clearance) was thought to increase with decreasing particle size. For instance, Roth et al.
(1993) showed approximately 93% retention of UFPs (30 nm median diameter) thought to be deposited in
the TB region at 24 hours post-inhalation. The slow phase clearance of these UFPs continued with an
estimated half-time (t1,2) of around 40 days. Using a technique to target inhaled particles (monodisperse
4.2 um MMAD) to the conducting airways, Moéller et al. (2004) observed that 49 + 9% of particles
cleared rapidly (t12 of 3.0 + 1.6 hours), whereas the remaining fraction cleared considerably slower (t12 of
109 & 78 days). The ICRP (1994} human respiratory tract model assumes particles <2.5 um (physical
diameter) to have a slow-cleared TB fraction of 50%. The slow-cleared fraction assumed by the ICRP

Roth et al. (1993) in addition to data considered by the ICRP (1994), Bailev ¢t al. (1995) estimated a
slow-cleared TB fraction of 75% for UFPs. At that time, they (Bailev et al., 1995) also estimated the

slow-cleared fraction to decrease with increasing particle size to 0% for particles 26 um. Experimental

evidence from the same group (Smith et al.. 2008) showed no difference in TB clearance among humans

for particles with geometric sizes of 1.2 um versus 5 pum, but the same da. (5 pm) so as to deposit
similarly in the TB airways. For at least micron-sized particles, these findings do not support the particle
size dependence of a slow-cleared TB fraction. As discussed further below, much of the apparent
slow-cleared TB fraction may be accounted for by differences in deposition patterns, 1.¢., greater
deposition in the alveolar region than expected based on symmetric, bulk flow into the lungs without

longitudinal mixing.

A portion of the slow cleared fraction from the TB region appears to be associated with the
smaller, more distal bronchioles. For large particles (dac = 6.2 um) inhaled at a very slow rate to
theoretically deposit mainly in small ciliated airways, 50% had cleared by 24 hours post-inhalation. Of
the remaining particles, 20% cleared with a t12 of 2.0 days and 80% with a ti2 of 50 days (Falk et al.
1997). Using the same techniques, Svartengren et al. (2005) also reported the existence of long-term

clearance in humans from the small airways. It should be noted that the clearance rates for the

(1999) targeted inhaled particle (2.5 um) deposition to the TB airways of adult beagle dogs and
subsequently quantified particle retention using scintigraphic and morphometric analyses. Despite the use
of shallow acrosol bolus inhalation to a volumetric lung depth of less than the anatomic dead space, 25%
of inhaled particles deposited in alveoli. At 24 and 96 hours post-inhalation, more than 50% of the

retained particles were in alveoli. However, 40% of particles present at 24 and 96 hours were localized to
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small bronchioles of between 0.3 and 1 mm in diameter. Collectively, these studies suggest that although
mucociliary clearance is fast and effective in healthy bronchi and larger bronchioles, it is less effective

and sites of longer retention exist in smaller bronchioles.

The underlying sites and mechanisms of long-term retention in the bronchioles remain largely
unknown. Several factors may contribute to the existence or experimental artifact of slow clearance from
the smaller TB airways. Even when inhaled to very shallow lung volumes, some particles reach the
alveolar region (Krevling et al., 1999). Therefore, experiments utilizing bolus techniques to target inhaled

particle deposition to the TB airways may have had some deposition in the alveolar region. This may
occur due to variability in path length and the number of generations to the alveoli (Asgharian et al.

experimentally measured clearance rates measured for the slow cleared TB fraction are faster than that of
the alveolar region in both humans and canines. Thus, although experimental artifacts likely occur, they
do not discount the existence of a slow cleared TB fraction. To some extent, it is possible that the slow
cleared TB fraction may be due to distal bronchioles that do not have a continuous ciliated epithelium as
n the larger bronchi and more proximal bronchioles. Neither path length, ventilation distribution, nor a
discontinuous ciliated epithelium explains an apparently slow cleared TB fraction with decreasing particle
by mechanisms different from larger (~1 wm) particles. Based on that body of literature, particles smaller
than a micron may enter epithelial cells resulting in their prolonged retention, particularly in the
bronchioles where the residence time is longer and distances necessary to reach the epithelium are shorter

compared to that in the bronchi.

4.3.1.3  Alveolar Region

The primary alveolar clearance mechanism is macrophage phagocvtosis and migration to terminal
bronchioles where the cells are cleared by the mucociliary escalator. Alveolar macrophages originate
from bone marrow, circulate briefly as monocytes in the blood, and then become pulmonary interstitial
macrophages before migrating to the luminal surfaces. Under normal conditions, a small fraction of
ingested particles may also be cleared through the lymphatic system. This may occur by transepithelial
migration of alveolar macrophage following particle ingestion or free particle translocation with

subsequent uptake by interstitial macrophages. Snipes et al. (1997) have also demonstrated the

importance of neutrophil phagocytosis in clearance of particles from the alveolar region. Rates of alveolar
clearance of poorly soluble particles vary between species and are briefly discussed in Section 4.3.2. The
translocation of particles from their site of deposition is discussed in Section 4.3.3. The effect particle

dissolution on retention in the alveolar region was recently reviewed by Oberddrster and Kuhlbusch

(2018).
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The efficiency of macrophage phagocytosis is thought to be greatest for particles between 1.5 and
3 um (Oberdérster, 1988). The decreased efficiency of alveolar macrophage for engulfing UFPs increases

the time available for these particles to be taken up by epithelial cells and moved into the inter-stitium
(Ferin et al., 1992). Consistent with this supposition (i.¢., translocation increases with time), an increase

in titanium dioxide (Ti0,) particle transport to lvmph nodes has been reported following inhalation of a
cytotoxin to macrophages (Greenspan et al., 1988). Interestingly, the long-term clearance kinetics of the

poorly soluble ultrafine (15-20 nm CMD) iridium (Ir) particles were found to be similar to the kinetics
reported in the literature for micrometer-sized particles (Semmler-Behnke et al., 2007; Semmler et al.

2004). For rats, Semmlier-Behnke et al. (2007) concluded that ultrafine Ir particles are less phagocytized

by alveolar macrophage than larger particles, but are effectively removed from the airway surface into the
inter-stitium. Particles are then engulfed by interstitial macrophages which then migrate to the airway
lumen and are removed by mucociliary clearance to the larynx. The major role of macrophage-mediated
clearance was supported by lavage of relatively few free particles versus predominantly phagocytized
particles at time-points of up to 6 months. It is also possible that some free UFP as well as particle-laden
macrophage were carried from interstitial sites via the lymph flow to bronchial and bronchiolar sites,
including bronchial-associated Ilvmphatic tissue, where they were excreted again into the airway lumen

(Semmler-Behnke et al.. 2007; Brundelet, 19635). In addition to macrophage phagocytosis and migration

to the ciliated airways, these studies suggest that alveolar particle clearance via interstitial translocation
and uptake into the lymphatics may be an important clearance pathway for UFP.

There is evidence that particle aggregates may disassociate once deposited in the lungs. This
disassociation makes inhaled aggregate size the determinant of deposition amount and site, but primary
particle size the determinant of subsequent clearance (Bermudez et al., 2002; Ferin et al., 1992; Takenaka

greater inflammatory response (neutrophil influx) than fine TiO: particles (Bermudez ¢t al., 2002;
Oberdorster et al.. 2000; Oberdorster et al., 1994a; Oberdérster et al.. 1994b; Ferin et al.. 1992).
(Balasubramanian et al., 2013) also suggested that disaggregation of following inhalation lead to

differential organ concentration of 7 nm versus 20 nm gold particles. The differences in inflammatory
effects and possibly lvmph burdens between fine and ultrafine TiO» in many studies appear related to lung
burden in terms of particle surface area and not particle mass or number (Qberdorster et al., 2000; Tran et
al., 2000; Oberdorster, 1996; Oberddrster et al., 1992). There 1s some uncertainty related to these

conclusions since the crystal form of TiO-, anatase versus rutile, may have affected some results. Others

have noted that particle surface area is not an appropriate metric across all particle types (Warheit et al .,
2006). Surface characteristics such as roughness can also affect protein binding and potentially clearance
kinetics, with smoother TiO- surfaces being more hydrophobic (Sousa et al ., 2004).
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4.3.2 Interspecies Clearance and Retention

There are differences between species in both the rates of particle clearance from the lung and
manner in which particles are retained in the lung. For instance, based on models of mucociliary clearance
from undiscased airways, >95% of particles deposited in the tracheobronchial airways of rats are

predicted to be cleared by 5 hours post deposition, whereas it takes nearly 40 hours for comparable

evidence that a sizeable fraction of particles deposited at the bronchiolar level of the ciliated airways in
humans (as well as canines) are cleared at a far slower rate. Some evidence suggests that the slow cleared

TB fraction increases with decreasing particle size.

From interspecies comparisons of alveolar clearance, the path length from alveoli to ciliated
terminal bronchioles may affect the particle transport rate (Krevling and Scheuch, 2000). The average

path length from alveoli to ciliated terminal bronchioles is longer in humans, monkeys, and dogs, than in
sheep, rats, hamsters, and mice. Transport time and hence retention times may increase with path length.
This hypothesis fits with all species in this comparison, except guinea pigs, which have a short path
length yet particle retention that is nearly as long as in humans, monkeys, and dogs. However, sheep have
a short path length and particle transport as fast as rodents. In general, alveolar clearance rates appear to
increase with increasing path length from the alveoli to ciliated airways. This supports the important role
of particle laden macrophage migration from the alveolar region to the ciliated airways with subsequent
clearance from the lungs.

There are also distinct differences in the normal sites of particle retention that affect clearance
pathways between species. Large mammals retain particles in interstitial tissues under normal conditions,
whereas rats retain particles on epithelial surfaces and in alveolar macrophages (Snipes, 1996). The
influence of exposure concentration on the pattern of particle retention in rats (exposed to diesel soot) and
humans (exposed to coal dust) was examined by Nikula et al. (2001). In rats, the diesel particles were

found to be primarily in the lumens of the alveolar duct and alveoli; whereas in humans, retained dust was
found primarily in the interstitial tissue within the respiratory acini. With chronic high doses, there is a
shift in rat’s pattern of dust accumulation and response from that observed at lower doses in the lungs

(Snipes. 1996; Vincent and Donaldson. 1990). Rats chronically exposed to high concentrations of

insoluble particles experience a reduction in their alveolar clearance rates and an accumulation of
mterstitial particle burden (Bermudez et al., 2004; Bermudez et al., 2002; Warheit et al.. 1997;
Oberdorster et al., 1994a; Oberdorster et al.. 1994b:; Ferin et al., 1992). Even at lower acute doses of

particles, the temporary impairment of alveolar clearance results in increased movement of particles into

the mterstitial tissues of rats (Snipes et al., 1997). However, the results of Semmler-Behnke et al. (2007)
and other older studies (Brundelet. 1965; Gross and Westrick, 1954) suggest that alveolar particle
clearance via interstitial translocation and uptake into the lymphatics may be an important clearance

pathway for UFP.
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Following transport of particles from the alveolar epithelium via macrophages or as free particles
into interstitial tissues, fluid flow can draw particles into pulmonary lymphatics. Whether it is free
particles that enter the inter-stitium and lymphatics or whether macrophage emigrate from pulmonary
capillaries into the alveoli and then immigrate back into the inter-stitium after phagocyting particles has
been debated since the 1870s (Gross and Westrick, 1954). Gross and Westrick (1954) demonstrated that
free particles themselves can enter interstitial tissues and migrate to peribronchial (possibly via the

lymphatics) and perivascular positions. Pulmonary particle clearance of via lymphatics has generally been

considered minimal and its importance debated (QOberdorster, 1988). Particle transport in the pulmonary

lymphatics is typically considered to terminate in lymph nodes (Stober and McClellan, 1997). Semmler-

Behnke et al. (2007) concluded that, in rats, ultrafine Ir particles are less phagocytized by alveolar

macrophage than larger particles, but are effectively removed from the airway surface into the
inter-stitium. They further suggested that some free particles as well as particle-laden macrophage are
carried from interstitial sites via the lymph flow to bronchial and bronchiolar sites, including
bronchial-associated lymphatic tissue, where they are excreted again into the airway lumen.

4.3.3 Particle Translocation

Mucociliary and macrophage mediated clearance of poorly soluble particles from the respiratory
tract was discussed in Section 4.3.1. There is growing evidence that a small fraction of particles may cross
cell membranes and move from their site of deposition by other mechanisms. The following subsections
discuss the movement of particles from the olfactory mucosa to the brain and from the luminal surfaces of
the alveolar region into lung tissues and other organs. The clearance and distribution of soluble particles
and soluble components of particles are also considered. There are pathways that particles could reach
extrapulmonary organs by means other than direct translocation from the alveoli into the blood. For
example, mucociliary clearance moves particles proximally until they are eventually swallowed.
Recognizing this, the organ distribution of particles following gastrointestinal and intravenous delivery
are also discussed. Finally, there are a few recent studies examining particle translocation to the fetus that

are discussed.

In the last PM ISA (U.S. EPA, 2009) it was concluded that olfactory transport to the brain was
likely unimportant in humans, it was not clear what portion of inhaled nanoparticles reached

extrapulmonary sites via the lung’s air-blood barrier versus clearance to the gastrointestinal tract with
subsequent absorption and distribution to the organs, and there were data supporting translocation of
poorly soluble particles from the human lung. It is now concluded that olfactory transport may be
important in humans as well as rodents. A comparison of particle translocation following instillation
versus ingestion also shows translocation of particles from the lungs occurs in a size dependent manner
and that GI absorption of particles cleared from the respiratory tract is relatively minor route into
circulation. A new human study shows that following inhalation, a small fraction of gold nanoparticles

enters circulation.
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4.3.3.1 Olfactory Delivery

Studies reviewed in the last PM ISA (U.S. EPA. 2009) demonstrated the translocation of soluble

solutions (manganese chloride and sulfate, zinc) and poorly soluble particles (hureaulite, manganese

oxide and tetroxide, silver, titanium dioxide, iridium) from the olfactory mucosa via axons to the olfactory
bulb of the brain. Translocation via the axon to the olfactory bulb was observed for numerous compounds
of varying composition, particle size, and solubility. Studies showed that the rate of translocation was
rapid, less than an hour. The vast majority of these studies were conducted by instillation in rodents.
However, DeLorenzo (1970) also observed the rapid (within 30—60 min) movement of 50 nm

silver-coated colloidal gold particles instilled on the olfactory mucosa to the olfactory bulb of squirrel
monkeys. Information on transport from the olfactory bulb to the olfactory tubercle, stratum, or other

brain regions is limited.

Based on the diameter of the axon, the transport of insoluble particles from the olfactory mucosa
via axons to the olfactory bulb should be limited to particles of less than about 200 nm (Gniff et al., 2000;
Plattig. 1989; De Lorenzo, 1957). These thin olfactory axons bundle into thicker filaments (aka fila
olfactoria or olfactory nerves) and pass directly into the olfactory bulb through numerous foramina in the
cribriform plate of the ethmoid bone (Plattig. 1989; D¢ Lorenzo. 1957). Analysis of 40 skulls of known

age and sex by Kalmey et al. (1998) showed a reduction in the area of the foramina in the cribriform plate

with increasing age that did not differ significantly between the sexes. The reduction of the foramina arca
with aging has been postulated as a cause of a reduced sense of smell with aging and would suggest that
olfactory translocation may also decrease with age.

A number of inhalation studies have investigated the transport of soluble and poorly soluble
manganese compounds to the brain of rats. While most of this discussion and the available literature
focuses on transport from the olfactory mucosa, it should be noted that Lewis et al. (2003) reported an

accumulation of manganese in the trigeminal ganglia in rats following a 10-day inhalation exposure to
soluble manganese chloride particles. Following a 13-week inhalation exposure to 0.1 mg Mn/m’, relative
to air controls, more soluble manganese sulfate reached the olfactory bulb of rats than was observed for
the less soluble manganese phosphate in the form of hureaulite (Dorman et al., 2004). Manganese

concentration in the olfactory bulb increased 2.3-times with exposure to Mn sulfate and only 1.5-times
with exposure to hurcaulite (Dorman et al., 2004). As part of this same study, exposures to 0.01 and

0.5 mg Mn/m* of Mn sulfate resulted in olfactory bulb concentrations of 1.3-times and 3.5-times relative
to air control, respectively. Since the inhaled hureaulite particles were 1.0—1.1 um (physical diameter)
and so not likely due to their size to move along axons, these data suggest that around 20-30% of the
hureaulite was solubilized to reach the olfactory bulb. However, insufficient hureaulite was solubilized
find increased Mn in the striatum as occurred following the Mn sulfate exposures of 0.1 and 0.5 mg
Mn/m?.

Using smaller sized particles, a 2-day inhalation exposure to poorly soluble manganese oxide

(~30 nm) with the right nostril blocked showed an accumulation of the Mn oxide in the left olfactory bulb
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(Elder et al., 2006). This study demonstrates neuronal uptake and translocation of UFPs following

inhalation without particle dissolution and in the absence of mucosal injury that may occur with
mstillation. For a longer 12-day inhalation exposure to poorly soluble manganese oxide (~30 nm) with
both nostrils patent, Elder et al. (2006} also found Mn concentration was significantly increased in several

brain regions (striatum, 1.6x; frontal cortex, 1.4x; cortex, 1.2x cerebellum, 1.2x), but most notably
increased in the olfactory bulb (3.4x). Additionally, following nasal instillation of particles, similar
amounts of Mn were found in the left olfactory bulb of rats instilled with soluble manganese chloride
(8.2 £ 3.6% of instilled) and small poorly soluble particles (30 nm; 1.5% dissolution per day) of
manganese oxide (8.2 = 0.7% of instilled) at 24 hours post instillation. This finding supports the
conclusion that poorly soluble manganese particles, if of a sufficiently small size, do not need to be
solubilized to reach the olfactory bulb. The slow solubilization process would have resulted lesser
amounts of the manganese oxide than manganese chloride in the brain by 24 hours similar to the finding

by Dorman et al. (2004) following 13 week inhalation exposures to manganese sulfate versus less soluble

hureaulite described in the preceding paragraph.

Leavens et al. (2007) modeled the transport of Mn from soluble and poorly soluble particles to

the olfactory bulb and stratum based on the experimental studies by Brenneman et al. (2000) and Dorman

single 90 minute period. Leavens et al. (2007) estimated that 92—93% Mn from soluble particles reached

the striatum via the blood with the additional 6—8% arriving via the olfactory transport. However, only
small amount of Mn reaching the olfactory bulb from the inhaled soluble Mn chloride (0.1%) and poorly
soluble Mn phosphate (3.3%) particles was estimated to reach the striatum. That is, Mn reached the
olfactory bulb, but generally did not proceed to the adjacent stratum. The transport of Mn to the stratum
from the olfactory bulb was estimated based on data from animals where one nostril was plugged while
the other was left patent. Thus, the olfactory transport of Mn to the stratum only occurs on the side of the
animal with a patent nostril. Mn in that stratum on the plugged side of the animal is presumably derived
from the blood. At least two issues affect the interpretation of these data. First, rats having a plugged

nostril reduce their minute ventilation by about 50% (Brenneman ¢t al., 2000), this lowers the signal to

noise ratio in these studies versus animals with fully patent nostrils. Second, rather large sized particles
were delivered to the rats in these studies, 2.51 um MMAD (GSD 1.17) by Brenneman ¢t al, (2000) and
1.68 um MMAD (GSD 1.42) (Borman et al., 2002). Referring back to Figure 4-4 and Figure 4-5, only a

small fraction of these sized particles are expected to penetrate through the head to reach the lower

respiratory tract. The majority of deposition occurs in the extrathoracic airways, in this case, the nasal
passages of the rat. Although Leavens et al. (2007} attributed all Mn in the blood as derived from the
lungs, Mn reaching circulation through areas such as the turbinates following nasal particle deposition

should not be ignored.

More recently, Krevling (2016) determined the fraction of iridium-192 (***Ir) nanoparticles
reaching the brain via transport from the upper versus the lower respiratory tract. Female Wistar-Kyoto

rats (8—10 weeks old, 270-300 g body weight) were exposed to aerosols (20 nm; GSD, 1.6) via nose-only
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inhalation or intratracheal inhalation. Estimates of particle translocation at 24 hours post inhalation
excluded activity of particles on the skin or rapidly cleared to the gut and feces. Of the delivered particles
(excluding skin and rapidly cleared), at 24 hours post inhalation, 0.012% of what deposited in the upper
respiratory tract and 0.0014% of what deposited in the lower respiratory tract reached the brain. That is,
there was 9-times more in the brain derived from the upper than the lower respiratory tract. The predicted
deposition was 3-times higher in the alveolar region than in the upper respiratory tract for the nose-only
exposure. These results suggest that olfactory transport to the brain was 27-times (i.¢., 9x3) greater than
translocation from the alveolar region. This work, however, does not indicate what brain regions

contained particles or how those brain regions differed between the exposures.

Antonini et al. {2009) exposed rats to welding fumes (0.31 pm MMAD) via inhalation or filtered
air for 10 days. The poorly soluble particles (soluble/insoluble ratio, 0.0139 in water) were composed

primarily of iron (80.6%), manganese (14.7%), silicon (2.75%), and copper (1.79%). The welding fume
was reported to be highly insoluble in water (pH, 7.4; 37°C) with dissolution of 1.4% in 24 hours. The
most marked increases in iron, manganese, and copper relative to control were found in the lungs. There
was no evidence of pulmonary inflammation or injury despite exposure to 40 mg/m® of welding fume.
increase in iron and manganese concentrations in the liver, heart, kidney, and spleen at 1-day
post-exposure relative to controls. Metal content was also assessed in seven brain regions: hippocampus,
cerebellum, striatum, thalamus, cortex, olfactory bulb, and midbrain. Manganese concentrations, but not
iron or copper, were significantly increased relative to controls in the cortex (1.3x) and cerebellum (1.2x),
and especially the olfactory bulb (2.2x). Of the brain regions examined, only the thalamus showed a slight
insignificant reduction in manganese relative to controls. Interestingly, although there was only a
tendency for a small increase in Mn concentrations within the striatum (1.1x), proinflammatory
chemokines and cytokines were significantly increased by about 1.5 times in the striatum. The lower

relative increase in the olfactory bulb in this study as compared to the Elder et al. (2006) study (2.2x vs.

3.4x, respectively) may, in part, be due to the larger inhaled particle size with only around 30-40%
(assuming log-normal particle size distribution with a GSD of 2—-4) of the welding fume being less than
200 nm, the particle size necessary for olfactory translocation, whereas all the particles in the Elder et al.

30 nm particles used by Elder et al. (2006). Given the distribution of manganese among brain regions, the

Antonini et al. (2009) study supports the transport of manganese from welding fume particles depositing

on the olfactory mucosa to the olfactory bulb. However, finding increased Mn concentrations but not
other metals in the brain, suggests the differential solubilization and mobilization of the Mn rather than
the movement of particles themselves along axons to the brain.

New modeling studies contradict the conclusion in the 2009 PM ISA that between species
differences may predispose rats, more so than humans, to deposition of particles in the olfactory region
with subsequent particle translocation to the olfactory bulb. The 2009 conclusion was based on two main

differences between rodents and primates. First, the olfactory mucosa covers approximately 50% of the
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nasal epithelium in rodents versus only about 5% in primates (Aschner et al., 2003). Second, a greater

More recently, Garcia et al. (2015) provided CFD simulations of total ultrafine nasal deposition as well as

that in the olfactory region of humans and compared to prior simulations (Garcia and Kimbell, 2009) for

rats. Rats were predicted to have greater total and olfactory deposition than humans. However, due the
much higher ventilation rate of humans than rats, humans were predicted to experience greater dose rate

to the olfactory mucosa for particles between 1 and 13 nm, above this size the dose rate was slightly

greater in rats than humans (Section 4.2.2.2 and Figure 4-7). Schroeter et al. (20135) provided
experimental replica cast data and CFD simulations for total and regional deposition of particles between
2.6 and 14.3 um. The olfactory region was assumed to be 14% of the nasal surface area. For 5 um to

11 pm particles inhaled during light activity (flow = 30 L/min), greater than 1% deposition in the
olfactory region was predicted with a maximum of 6% predicted for 8 pm particles. During a resting
inhalation (flow = 15 L/min), the predicted olfactory deposition exceeded 1% for particles between 9 and
19 pum, with a maximum of 8% for 13 um particles. Although the larger particles would not themselves
be expected to move along to axon from the olfactory region of the nose to the olfactory bulb, soluble
materials associated with large particles could be solubilized and pass along the axon to the olfactory

bulb. Greater particle deposition was predicted to occur in the turbinates than the olfactory region by

Schroeter et al. (20135), soluble materials could also move into the blood from this well perfused area and
reach the brain. These newer modeling studies suggest that ultrafine particle translocation as well as
soluble components associated with all sized particles could reach the olfactory bulb of humans as well as

rodents in a measurable amount depending on the exposure concentration.

Human autopsy data are becoming available that also suggest the importance of translocation of
material from the olfactory mucosa to the olfactory bulb. Although their source is unknown, the presence
of UFP in the olfactory bulb was reported in 2 of 35 Mexico City residents (Calderon-Garciduenas et al.

2010). Presumably metal components of urban PM, statistically significant increases in manganese,
nickel, and chromium have been reported in the frontal lobe of Mexico City residents relative to lower air

pollution areas (Calderon-Garciduefias et al.. 2013). More recently, Maher et al. (2016} examined

magnetite particles in the frontal lobes from subjects that lived in Mexico City and Manchester, U K. The
magnetite (Fe;04) particles were found in two forms: smooth spherical particles and, more rarely, as
angular cuboctahedrons. The authors attributed the presence of the smooth spherical particles to inhaled
ambient combustion-related particles, whereas the angular cuboctahedral particles were attributed to
endogenous formation. The spherical particles showed a median diameter around 14—18 nm with a
maximum size of about 150 nm, sizes that can be transported to the olfactory bulb from the olfactory
mucosa. As discussed in Section 4.3.3.2, some of these particles may have also reached the brain via the

circulation following deposition in the alveolar region of the lung. The combined literature for animal
toxicological studies, CFD modeling studies, and human autopsy data support the existence of olfactory
translocation in animals and suggest its relevance in humans. Although olfactory translocation is rapid
with particles appearing in the olfactory bulb within an hour following instillation on the olfactory

mucosa, the relative amount of particles translocated is relatively small. For example, based on Garcia et
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rest or 0.03% in rats. Based on Elder ¢t al. (2006}, around 10% of the particles on the olfactory mucosa

would translocate to the olfactory bulb. Thus, only a small fraction of poorly soluble particles inhaled
through the nose might be expected to reach the olfactory bulb via the axons in humans or rats. However,
absolute number of particles potentially reaching the olfactory bulb over time can be considerable (see

Figure 4-7).

4.3.3.2 Pulmonary Delivery

4.3.3.21 Membrane Translocation

It was first demonstrated by Gross and Westrick (1954) that free particles can enter interstitial

tissues and migrate to peribronchial (possibly via the lvmphatics) and perivascular positions. Both in vitro
and in vivo studies support the rapid (<1 hour) translocation of free ultrafine TiO: particles across cell
membranes (Geiser et al.. 2003; Churg et al., 1998; Ferin et al.. 1992). Geiser et al. {2005) conducted a

detailed examination of the disposition of inhaled ultrafine TiO; in 20 healthy adult rats. They found that

distributions of particles among lung tissue compartments appeared to follow the volume fraction of the
tissues and did not significantly differ between 1 and 24 hours post-inhalation. Averaging 1 and 24-hour
data, 79.3 & 7.6% of particles were on the luminal side of the airway surfaces, 4.6 + 2.6% were in
epithelial or endothelial cells, 4.8 + 4.5% were in connective tissues, and 11.3 + 3.9% were within
capillaries. Particles within cells were not membrane bound. It is not clear why the fraction of particles
identified in compartments such as the capillaries did not differ between 1 and 24 hours post-inhalation.

These findings were consistent with the smaller study of five rats by Kapp et al. (2004) who reported

identifying Ti0O- aggregates in a Type Il pneumocyte; a capillary close to the endothelial cells; and within
the surface-lining layer close to the alveolar epithelium immediately following a 1 hour exposure. These
studies effectively demonstrate that some inhaled ultrafine TiO; particles, once deposited on the
pulmonary surfaces, can rapidly (<1 hour) translocate beyond the epithelium and potentially into the

vasculature.

A few studies have characterized differences in the behavior of fine and UFPs in vitro. Geiser ¢t
al. (2005} found that both ultrafine and fine (0.025 um gold, 0.078 um TiO-, and 0.2 um TiO») particles
cross cellular membranes by nonendocytic (i.e., not involving vesicle formation) mechanisms such as

adhesive interactions and diffusion, whereas the phagocytosis of larger 1 um TiO; particles is

ligand-receptor mediated. Gross and Westrick (1954) surmised that free particle translocation from the
alveolar surface to interstitial tissues may be limited to smaller fine particles (<0.5 um). Edetsberger et al.
(2003} found that UFPs (0.020 um polystyrene) translocated into cells by first measurement (~1 min after
particle application). Intracellular agglomerates of 88—117 nm were seen by 15-20 min and of

253-675 nm by 50—60 min after particle application. These intracellular aggregates were thought to result
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from particle incorporation into endosomes or similar structures since Genistein or Cytochalasin treatment
generally blocked aggregate formation. Interestingly, particles did not translocate into dead cells, rather
they attached to the outside of the cell membrane. Amine- or carboxyl-modified surfaces (46 nm
polystyrene) did not affect translocation across cultures of human bronchial epithelial cells with about 6%

W = W N

regardless of the surface characteristics (Gevs et al.. 2006).

4.3.3.2.2 Extrapulmonary Distribution

6 Soluble material can move rapidly from the alveolar surface into the blood, but poorly soluble

~J

particles generally remain in the lung for an extended period of time. A number of human studies are
8  available confirming that the majority of poorly soluble UFP deposited in the alveolar region undergo
9  slow clearance and do not rapidly enter circulation. However, animal studies (primarily of rats) show that
10 UFPs cross cell membranes by mechanisms different from larger (~1 um) particles and that a small
11 fraction of these particles enter capillaries and distribute systemically. Some evidence suggests that a
12 small degree of pulmonary inflammation increases interstitial hydraulic pressure sufficiently to exceed
13 pulmonary capillary pressure, resulting in a flux of fluid and any associated particles or fibers into
14  pulmonary capillaries (Miserocchi et al., 2008). This is consistent with the presence of airway

15 inflammation in a variety of airway discases (¢.g., asthma, fibrosis, ARDS, pulmonary edema,
16  inflammation from smoking) and altered epithelial integrity, allowing more rapid movement of solutes
17 into the bloodstream [see Section 4.4.2 of U.S. EPA (2009}]. In general, increased alveolar permeability

18 to ™ Tc¢-DTPA is associated with any lung syndrome characterized by pulmonary edema. Fluid flow and
19 particle migration would be from the alveolar surface into the inter-stitium as inflammation and edema
20 resolve.

21 Several human studies have investigated the pulmonary retention of radiolabeled UFPs (Wiebert
22 etal., 2006a; Brown et al., 2002; Roth et al.. 1994) or fine aggregates of UFPs (Moller et al.. 2008; Mills
23 etal., 2006; Wicbert ¢t al.. 2006b: Roth et al . 1997: Burch et al., 1986). All of these studies used

24 technician-99m (**™Tc; t1» = 0.25 days; pure gamma emitter) labeled carbon, except for Roth et al. (1994)

25 who used indium-111 (!!'In; ti» = 2.8 days; pure gamma emitter) oxide. All of these studies reported

26 280% pulmonary retention of particles at 24 hours post-inhalation. However, of the fraction cleared from
27 the lungs in the studies using #™Tc-labeled particles, it is not entirely clear how much was deposited in
28  the ciliated airways and cleared versus how much of the radiolabel leached from the particles and was

29  cleared in its soluble pertechnetate form. Highly soluble in normal saline, pertechnetate clears rapidly

30 from the lung with ati» of ~10 min and accumulates most notably in the bladder, stomach, thyroid, and
31  salivary glands (Isawa et al., 1995; Monaghan et al., 1991). Wicbert et al. (2006a) were able to reduce

32 leaching of the *"Tc-labeled carbon (35 nm CMD inhaled) and found effectively 100% retention at

33 24 hours post-inhalation. Similarly, Wicbert et al. (2006b) minimized leaching of ®™Tc-labeled carbon

34 (87 nm CMD inhaled) and found negligible particle clearance from the lungs by 70 hours post-inhalation.
35  Using the longer half-life '"In-oxide aerosol (18 nm CMD), Roth et al. (1994) found 93% retention in the
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human lung at 24 hours and 80% retention at 9 days post inhalation. '''In-oxide is poorly soluble and as
such was not expected to move into circulation as pertechnetate does. The 7% clearance of the 18 nm
Mn-oxide versus near 0% clearance of the 35 nm *™Tc-labeled carbon may be, in part, caused by a more
proximal deposition pattern of the smaller particles (see Figure 4-3C). These human data show that the

majority of poorly soluble UFP remain in the lung.

Miller et al. (2017} investigated the translocation of gold nanoparticles having primary particle

sizes of approximately 4-5 nm and 34 nm in a series of two separate inhalation experiments involving
young healthy adults. In experiment one, 14 young healthy adult males inhaled (3.8 nm primary particle
size) 18.7 nm agglomerates (1.5 GSD) via a face mask for 2 hours with intermittent exercise (exercise
target of 25 L/min/m? body surface areca, BSA). By 15 minutes post-exposure, gold was identified in the
blood of three subjects. Gold was found in the blood of 12 subjects at 6 hours, 11 subjects at 24 hours,
and 7 subjects at 3 months post-exposure.* Gold was also identified in the urine in an unspecified number
of subjects at 24 hours and 3 months post-exposure. In experiment two, groups of healthy adult males
inhaled gold nanoparticles with primary particle sizes of 4.1 nm (n = 10 subjects) and 34 nm (n =9
subjects) as agglomerates of 17.8 nm (GSD, 1.2) and 52.4 nm (GSD, 1.4). The authors observed higher
gold concentrations in the blood following inhalation of the smaller than larger primary sized particles.
However, relative to the larger particles, the acrosol concentration of the smaller sized particles was, on
average, 1.3 times higher (192 vs. 146 pg/m®) and the predicted deposition is about double (total
deposition fractions are 72 and 35% for smaller and larger agglomerates, respectively), leading to an
estimated 2.7 times greater dose of the smaller sized particles.* This difference in delivered dose may
have been adequate to account for differences in the amounts of gold in the blood out to 7 days
post-exposure, but not necessarily at the 28 day time point. The authors also observed gold in urine for the
smaller particles, but gold in urine was below the limit of detection for the larger particles. The relatively
small estimated difference in delivered doses does not appear sufficient to large differences in gold in
urine by 28 days post-exposure. This study demonstrates the presence of gold in the blood and urine of
humans following the inhalation of gold nanoparticles.

The finding of material in the blood in this human study, Miller et al. (2017), but not prior human

studies described above may, in part, be a matter of an increased signal to noise afforded in this new work
and/or an indication that there is a difference in particle translocation from the hung depending on the
inhaled particle type. There is uncertainty related to the actual fraction of the deposited dose that
translocated from the lungs and interpretation of study results. Using data from experiment one (described

above), based on the concentration of gold in urine (35 ng/L) at 24 hours and average urinary volume of

4 The number having detectable gold in blood is based on Figure 1C of Miller et al. (2017).

4 Deposition estimated using the MPPD model (Version 3.04) for exposure to 17.8 nm (GSD, 1.2) or 52.4 nm
(GSD, 1.4) particle agglomerates during two hours of intermittent exercise with 15-minute periods of exposure at
rest (Vp, 0.800 L; £, 15 min!) and 15-minute periods of exposure during exercise (V1= 1.923 L; f=26 min!) and
default airway morphology for an adult male (i.e., Yeh/Schum symmetric morphology, FRC of 3.3 L, and upper
respiratory tract volume of 0.05 L). A BSA of 2.0 m® was assumed (not provided by authors). The breathing pattern
for rest was selected to have a minute ventilation of 6 L/min per m? BSA based on Mcdonnell et al. (2012). The
heavy exercise breathing pattern was selected from ICRP (1994).
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2.4 L, it can be estimated that about 84 ng gold was excreted from the body. This can be used as a lower
end estimate of translocation from the lungs since (as described below) there is evidence from animal
studies of particle accumulation in various organs. Based on the exposure concentration of 116 pug/m® and
the ventilation rates of 12 L/min at rest and 50 L/min during exercise, the total amount of aerosol inhaled
was 430 pg gold. The estimated total deposition fraction of the 18.7 nm (GSD 1.5) agglomerates is
60%.*" The alveolar deposition fraction during periods of rest and exercise are about 30 and 40%,
respectively, giving combined volume-weighted alveolar deposition fraction of 38% of the inhaled
acrosol. Based on total deposition, about 0.03% translocation may have occurred given the urinary
excretion at 24 hours (i.¢., 0.084/256). It may be more appropriate to consider deposition in the alveolar
region since the movement of particles from the gastrointestinal tract into circulation is minimal by

comparison to that from the alveolar region (Krevling et al., 2014). Translocation from the alveolar

deposition to urinary excretion at 24 hours is estimated to be around 0.05% (i.e., 0.084/163). Based on the

log-log plot in Figure 31 of Krevling et al. (2014), excretion via urine as a percent of material in the lungs

not cleared in 24 hours by mucus clearance in rats is about 0.42% for 2.8 nm particles and 0.006% for
5 nm particles, which provides an estimate of 0.05% for 3.8 nm particles by linear interpolation on
log-log scale. The comparisons developed herein place the urinary elimination by 24 hours of 3.8 nm gold

particles in humans by Miller et al. (2017) as nearly identical to those obtained in rats by Krevling et al.
(2014).

A greater amount of information on particle translocation from the lungs is available from animal
studies. These studies fairly consistently show that a small portion (generally <19%) of particles delivered
to the lungs via inhalation or instillation are translocated from the pulmonary surfaces to extrapulmonary
organs. For example, as reviewed in the last PM ISA (U.S. EPA, 2009). extrapulmonary translocation was

described for poorly soluble ultrafine gold and Ir particles. In male Wistar-Kyoto rats exposed by
inhalation to ultrafine gold particles (5—8 nm), Takenaka et al, (2006) reported a low, but significant,

fraction (0.03 to 0.06% of lung concentration) of gold in the blood from 1 to 7 days post inhalation.
Semmler et al. (2004) also found small but detectable amounts of poorly soluble Ir particle (15 and 20 nm

CMD) translocation from the lungs of female Wistar-Kyoto rats to secondary target organs like the liver,
spleen, brain, and kidneys. Each of these organs contained about 0.2% of deposited Ir. The peak levels in
these organs were found 7 days post inhalation. The translocated particles were largely cleared from
extrapulmonary organs by 20 days and Ir levels were near background at 60 days post inhalation.
Particles may have been distributed systemically via the gastrointestinal tract. Immediately after the
6-hour inhalation exposure, 18 + 5% of the deposited Ir particles had already cleared into the
gastrointestinal tract. After 3 weeks, 31 + 5% of the deposited particles were retained in the lung. By 2
and 6 months post inhalation, lung retention was 17 + 3 and 7 + 1%, respectively. The particles appeared

4 For 18.7 nin (GSD 1.5) using MPPD (Version 3.04) with intermittent exercise as described for Experiment Two.
Although the authors provided a BSA of 2.76 m? in their Table S1, a BSA of 2.0 m? was assumed as a more
reasonable value for males being 180 cm height and 79 kg mass. Breathing patterns used for Experiment Two were
used again here.
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to be cleared predominantly from the peripheral lung via the mucociliary escalator into the GI tract and

were found 1n feces.

A considerable number of new studies have become available since the last PM ISA (U.S5. EPA

instillation increases with decreasing particle size (Krevling et al.. 2014; Krevling ¢t al., 2009). However,

the dissolution of poorly soluble particles increases with decreasing pH and decreasing particle size
(Krevling et al., 2002; Kreyling and Scheuch, 2000; Krevling, 1992). Dissolution and absorption of UFPs

in the gastrointestinal tract subsequent to clearance from the respiratory tract cannot be fully discounted

as contributing to organ concentrations of inhaled or instilled particles. The organ distribution of particles

may differ depending on the route by which they are reaching circulation. For example, in humans, the

2002). Additionally, the proteins that particles may encounter and potentially bind to will vary depending
on the route by which they entered circulation. Recognizing such issues, a series of experiments have
been conducted to quantify translocation using a '**Au gamma-spectrometry® in female Wistar-Kyoto
rats (8—10 weeks old, 250 g body weight) of negatively charged gold nanoparticles of 1.4, 2.8, 5, 18, 80,
and 200 nm primary particle size and positively charged 2.8 nm primary particle size following
intratracheal instillation (Kreyling et al., 2014), ingestion (Schich et al ., 2012), and intravenous delivery

(Hirn et al., 2011). Although additional studies have become available since the last PM ISA, the primary

focus will be on the careful comparison across these routes of delivery.

Following particle instillation, Krevling et al. (2014) measured translocation from the lungs as a

function of peripheral lung dose (i.¢., ignoring particles found in the trachea, Gl tract, and feces).
Translocation from the lung by 24 hours of particles with a negative surface charge decreased from 5.6%
for 1.4 nm particles, to 3.2% for 2.8 nm, to 0.22% for 5 nm, to 0.12% for 18 nm, to only 0.06% for

80 nm, and 0.2% for 200 nm particles.*” Most of the translocation from the lungs appears to have
occurred within 1-3 hours post-instillation, but continued up to 24 hours for the largest, 200 nm particles.
The estimated translocation excluded the fraction of particles found in the trachea, Gl tract and feces by
24 hours post-instillation, which was 30% (averaged across all particle sizes) of the instilled dose.>

Potential Gl tract absorption was considered negligible since a prior study by Schieh et al. (2012) of

particle ingestion found only a small fraction of particles entered circulation (0.37% for 1.4 nm particles,
0.37% for 2.8 nm, 0.05% for 5 nm, 0.12% for 18 nm, 0.03% for 80 nm, and 0.01% for 200 nm
particles).”! Considering the fraction of instilled particles found in GI tract and feces and GI absorption of
particles, about 4% (median of all particle sizes) to 7% (mean of all particle sizes) of the apparent
translocation from the lung may have derived from the GI tract (i.¢., 93—96% of the particles appearing in

® Gamma-spectrometry is a highly sensitive technique relative to inductively coupled plasma mass spectrometry.
* Values from Figures 2B and 6A of Krevling et al. (2014) for the 24-hour time point.

U Data from Supplement Table S1 of Krevling et al. (2014) for the 24-hour time point.

*! Data estimated from Table 111 of Schieh et al. (2012).
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circulation were derived from the lung).’* For both instillation and ingestion, less positively charged than
negatively charged 2.8 nm particles entered circulation. The organ distribution of particles following
intravenous administration differed greatly from instillation. At 24 hours post intravenous delivery, 51%
of 1.4 nm particles, 82% of 2.8 nm particles, and 92-97% of 5-200 nm particles were found in the liver

(Hirn et al., 2011). Of the material translocating from the lungs following instillation, independent of

particle size, only about 10% of particles are found in the liver with the majority (43% of 1.4 nm; 55% of
7 am; 71% of 18 nm; 96% of 80 nm) of translocated particles found in the carcass (skeleton, soft tissues,
and fat) (Krevling et al., 2014). This difference in organ distribution following intravenous versus

instillation was attributed to the proteins that particles may have encountered and bound with in the lungs
prior to entering circulation. This series of studies shows that translocation of particles from the lungs
occurs in a size-dependent manner, that GI absorption of particles cleared from the respiratory tractis a
relatively minor route into circulation, and that organ distribution can vary depending on how particles are

delivered to animals.

Following translocation from the lung or intravenous injection, particles appear to be rather
rapidly cleared from the blood. This clearance from the blood occurs due to accumulation in
extrapulmonary organs and elimination from the body. The blood concentrations of the smallest gold
nanoparticles studied (1.4 nm) are 46% cleared in rats by one-hour post-injection and by 93% at 24 hours
post-injection.” By 24 hours, about 10% of 1.4 nm particles had moved, in roughly equal portions, into
feces and urine. Larger nanoparticles (18 and 80 nm) were roughly 99% cleared from blood by one-hour
post-injection. By 24 hours post-injection, most of the organ retention, 92—-97% for 5—200 nm particles, is

in the liver (Hirn et al., 2011). Of these larger particles eliminated (0.1 to 1%) by 24 hours post-injection,
most is via the feces.™ Others have also reported similar dependence of organ accumulation of particle
size in mice, with smaller gold nanoparticles (1.5-5 nm) persisting more in blood and excreted via urine
than larger (30—70 nm) nanoparticles (Miller et al., 2017; Yang ¢t al.. 2014). This was similarly

demonstrated in humans with 4.1 nm particles found in urine, but not 34.3 nm particles (Miller et al.

2017). A limited number of studies have shown the continued existence in the blood at 28 days
post-delivery of inhaled gold nanoparticles (4.1 and 34.3 nm) in humans and instilled Ti0; (70 nm) in rats
(Krevling et al., 2017b; Miller et al., 2017). It is likely that the particles in the blood at 28 days

post-delivery were due to additional movement/clearance from the lungs.

The long-term health implications of translocation following acute or chronic PM exposures is
uncertain. Heringa et al. (2018) recently reported the existence of TiO: in the livers and spleens of

humans (9 F, 6 M; 84 + 13 years) on autopsy. The average titanium content in was 40 pg/kg (Ti0O»
mass/tissue mass) in the liver and 80 pg/kg in the spleen. Two of the subjects had received titanium

implants, but had titanium content below the limit of detection in the liver and low amounts in the spleen

> Kreyling et al. (2017b) reported that at 24-hour post-instillation, 5% of TiQ» (70 nm) reaching the blood was
absorbed in the GI tract (i.c., 95% crossed the alveolar air-blood barrier). Due to long-term clearance of the lung,
this percentage increased to 13% by 7 days post instillation and 21% at 28 days post instillation.

%3 Data from Table S1 of Semmler-Behnke et al. (2014).

4 Data from Figure S4 of Semmler-Behnke et al. (2014).
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relative to the other individuals. Titanium dioxide particles having diameters of 85—440 nm were
identified. By count with a limit of detection at 85 nm, nearly 27% of the particles in the liver and 21% of
the particles in the spleen were <100 nm. By count, about 75% of particles were <200 nm. Gamma-
spectrometry studies of 70 nm TiQ, particle translocation in rats show about 4% translocation into

circulation following intratracheal instillation and about 0.6% following ingestion (Kreyling et al., 2017b;

Krevling et al., 2017¢). As occurs for gold nanoparticles instillation, the translocated TiO- distribute

around the body and accumulate in organs, but are found primarily (91% at 24-hour post instillation) in
the carcass (skeleton, soft tissues, and fat). This differs from 24 hours post-intravenous injection where

Ti0O, accumulates predominately (95.5%) in the liver (Krevling et al., 2017a). Following rather high doses

(25-30 mg/day) of ingested Ti0» nanoparticles (10 nm) to rat dams from gestational day 2 to 21, pups

sacrificed 1 day after birth have increased titanium content in the hippocampus (Mohammadipour ¢t al.

2014). Quantification of translocation to fetuses is provided in Section 4.3.3 3. Particle accumulation in
the liver and spleen of autopsied humans is consistent with accumulation in these organs in rodents

following intratracheal instillation and ingestion of particles.

4.3.3.3 Transplacental Barrier Transport

A number of studies have become available since the last PM ISA (U.S. EPA, 2009) examining

particle translocation to the fetus. The route of exposure in these studies is generally oral or intravenous

delivery. These papers may be important regardless of the delivery method (with the exception of
intraperitoneal) since thev add biological plausibility for effects during pregnancy. However, as indicated
instillation into the lung and ingestion. Specifically, the majority of particles found in circulation
following intravenous delivery accumulate in the liver, whereas as the majority of particles are found in

the carcass (skeleton, soft tissues, and fat) following instillation and ingestion.

The primary focus herein is given to Semmlier-Behnke et al. (2014). This study utilizes the highly

sensitive '"Au gamma-spectrometry technique and provides a mass balance for the full body and
excrement. This study was also discussed in Section 4.3.3.2.2 and was conducted by the same German
research group having many vears of experience and numerous publications evaluating particle
deposition, clearance, and translocation in humans and rodents. The principal finding of the Semmlier-

Behnke et al. (2014) study relevant to this section is the accumulation in rat fetuses following delivery of

particles at gestational Day 18. This time point was selected because the nutrition of the fetus is primarily
the dam’s blood versus the yoke sac earlier in gestation. Following intravenous injection, 0.06% of

1.4 nm and 0.004% of 18 nm gold nanoparticles were found in fetuses. No 80 nm particles (<0.0004%,
the detection limit) were found in fetuses. The authors attributed the decreasing translocation as a function
of increasing particle size to the role of transtrophoblasitic channels (canaliculi of 2025 nm in diameter)
in transporting particles from the matemal blood to the fetuses. The organ distribution between pregnant
and nonpregnant rats was generally similar. Yang et al. {2014) also reported similar organ distributions
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between pregnant and nonpregnant animals at 5 hours post intravenous injection of gold nanoparticles
(1.5,4.5, 13, 30, and 70 nm diameter). Tsvganova et al, (2014) found increased gold content in liver and

spleen of fetuses following intravenous injection of gold nanoparticles (5 and 30 nm) into pregnant rats.
Following rather high doses (25-30 mg/day) of ingested TiO; nanoparticles (10 nm) to rat dams from
gestational day 2 to 21, pups sacrificed 1 day after birth have increased titanium content in the
hippocampus {(Mohammadipour et al., 2014). Overall, these studies show that a small fraction of

nanoparticles entering circulation may reach fetuses.

4.3.4 Factors Modulating Particle Clearance

4.3.4.1 Age

It was previously concluded that there appeared to be no clear evidence for any age-related
differences in clearance from the lung or total respiratory tract, either from child to adult, or young adult

to elderly (U.S. EPA, 2004, 1996). Studies showed either no change or some slowing in mucus clearance

with age after maturity. Although some differences in alveolar macrophage function were reported
between mature and senescent mice, no age-related decline in macrophage function had been observed in
humans. A comprehensive review of the literature provided in the last PM ISA (U.S. EPA, 2009)

supported a decrease in mucociliary clearance with increasing age beyond adulthood in humans and
animals. Limited animal data also suggest macrophage-mediated alveolar clearance may also decrease

with age. This evidence is briefly paraphrased below.

Ho et al. (2001) demonstrated that nasal mucociliary clearance rates were about 40% lower in old
(age >40-90 years) versus young (age 1140 years) men and women. Tracheal mucus velocities in
elderly (or aged) humans and beagle dogs are about 50% that of young adults (Whaley et al., 1987

Goodman et al., 1978). Several human studies have demonstrated decreasing rates of mucociliary particle

clearance from the large and small bronchial airways with increasing age (Svartengren et al., 2005;

Vastag et al., 1985; Puchelle et al., 1979). Linear fits to the data show that rapid clearance (within 1 hour)

from large bronchi and prolonged clearance (between 1-21 days) from the small bronchioles in an
80-year old is only about 50% of that in 20-vear old (Svartengren et al., 2003; Vastag et al . 1985). One

study reported that alveolar particle clearance rates decreased by nearly 40% in old versus young rats

(Muhle et al., 1990). Another study has reported that older rats have an increased susceptibility to

pulmonary infection due to altered alveolar macrophage function and slowed bacterial clearance
(Antonini et al., 2001). Although data are somewhat limited, they consistently show a depression of

clearance throughout the respiratory tract with increasing age from young adulthood in humans and
laboratory animals.
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4.3.4.2 Sex

Sex was not found to affect clearance rates in prior reviews (U.S. EPA, 2004, 1996). Studies

included in the most recent review (1S, EPA, 2009) also showed that human males and females have

VS R

large bronchial airway clearance rates (Vastag et al., 1985).

4.3.4.3 Respiratory Tract Disease

At the time of the last two reviews (1J.S. EPA. 2004, 1996), it was well recognized that
obstructive airways disease may influence both the site of initial deposition and the rate of mucociliary

clearance from the airways. When deposition patterns are matched, mucociliary clearance rates are
reduced in patients with COPD relative to healthy controls. The effects of acute bacterial/viral infections

o8 -1 N

and cough on mucociliary clearance were briefly summarized in Section 10.4.2.5 (U.S. EPA, 1996) and

10 Section 6.3.4.4 (U.S. EPA, 2004) of past reviews. While cough is generally a reaction to some inhaled

11 stimulus, in some cases, especially respiratory disease, it can also serve to clear the upper bronchial

12 airways of deposited substances by dislodging mucus from the airway surface. One of the difficulties in
13 assessing effects on infection on mucociliary clearance is that spontancous coughing increases during

14 acute infections. Cough has been shown to supplement mucociliary clearance of secretions, especially in
15 patients with obstructive lung disease and primary ciliary dyskinesia.

16 Using a bolus technique to target specific lung regions, Moller et al. (2008) examined particle

17 clearance from the ciliated airways and alveolar region of healthy subjects, smokers, and patients with

18  COPD. Airway retention after 1.5 hours was significantly lower in healthy subjects (89 £ 6%) than

19 smokers (97 = 3%) or COPD patients (96 + 6%). At 24 and 48 hours, retention remained significantly

20 higher in COPD patients (86 £ 6% and 82 + 6%, respectively) than healthy subjects (75 + 10% and

21 70+ 9%, respectively). However, these findings are confounded by the more central pattern of deposition
22 in the healthy subjects than in the smokers and COPD patients. Alveolar retention of particles was similar

23 between the groups at 48 hours post-inhalation.

24 The effect of asthma on lung clearance of particles may depend on disease status. Lay et al.

25 (2009} found significantly (p < 0.01) more rapid particle (0.22 pm) mucociliary clearance over a 2-hour
26  period post-inhalation in mild asthmatics than in healthy volunteers. Although the pattern of deposition
27  tended to be more central in the asthmatics, there was not a statistically significant difference from

28  healthy controls (p = 0.24). The extent of central relative to peripheral airways deposition was well

29 correlated with the lung retention at 2 hours post-inhalation in the subjects with asthma (r = —0.78,

30 p<0.01) but not the healthy subjects. In vivo uptake by airway macrophages in mild asthmatics was also
31  enhanced relative to healthy volunteers (p < 0.01). In an ex vivo study, airway macrophages from

32 individuals with more severe asthma had impaired phagocytic capacity relative to less severely affect
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asthmatics and healthy volunteers (Alexis et al., 2001). Lay et al. (2009) concluded that enhanced uptake

and processing of particulate antigens could contribute to the pathogenesis and progression of allergic
airways disease in asthmatics and may contribute to an increased risk of exacerbations with particulate

exposure.

Chen et al. (2006) investigated the effect of endotoxin on the disposition of particles. Healthy rats

and those pretreated with endotoxin (12 hours before particle instillation) were instilled with ultrafine
(56.4 nm) or fine (202 nm) particles. In healthy rats, there were no marked differences in lung retention or
systemic distribution between the ultrafine and fine particles. In healthy animals, UFPs were primarily
retained in lungs (72 + 10% at 0.5--2 hours; 65 + 1% at 1 day; 62 £ 5% at 5 days). Particles were also
detected in the blood (2 £ 1% at 0.5-2 hours; 0.1 + 0.1% at 5 days) and liver (3 £ 2% at 0.5-2 hours;

1+ 0.1% at 5 days) of the healthy animals. At 1-day post-instillation, about 13% of the particles were
excreted in the urine or feces of the healthy animals. In rats pretreated with endotoxin, by 2 hours
post-instillation, the UFPs accessed the blood (5 vs. 2%) and liver (11 vs. 4%) to a significantly greater
extent than fine particles. The endotoxin-treated rats also had significantly greater amounts of UFPs in the
blood (5 vs. 2%) and liver (11 vs. 3%) relative to the healthy control rats. This study demonstrates that
acute pulmonary inflammation caused by endotoxin increases the migration of UFPs into systemic

circulation.

Adamson and Prieditis (1995) investigated the possibility that particle deposition into an already

mjured lung might affect particle retention and enhance the toxicity of “inert” particles. Bleomycin was
instilled into mice to induce epithelial necrosis and subsequent pulmonary fibrosis. Instilled 3 days
following bleomycin treatment, while epithelial permeability was compromised, carbon black particles in
treated mice were translocated to the inter-stitium and showed increased pulmonary retention relative to
untreated mice. When instilled at 4 weeks post bleomycin treatment, after epithelial integrity was
restored, carbon black particle retention was similar between treated and untreated mice with minimal
translocation to the inter-stitium. The instillation of carbon particles did not appear to increase lung injury
in the bleomyecin treated mice at either time point. This study shows that integrity of the epithelium affects
particle retention and translocation into interstitial tissues.

4.3.4.4 Particle Overload

Unlike other laboratory animals, rats appear susceptible to “particle overload™ effects due to

impaired macrophage-mediated alveolar clearance. Numerous reviews have discussed this phenomenon

and the difficulties it poses for the extrapolation of chronic effects in rats to humans (Qberdorster, 2002;
ILRI Risk Scienge Institute, 2000; Miller, 2000; Oberdorster, 1995; Morrow, 1994). Large mammals have

slow pulmonary particle clearance and retain particles in interstitial tissues under normal conditions,

whereas rats have rapid pulmonary clearance and retain particles in alveolar macrophages (Snipes, 1996).
With chronic high doses of PM there is a shift in the pattern of dust accumulation and response from that
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observed at lower doses in rat lungs (Snipes, 1996; Vingent and Donaldson, 1990). Rats chronically

exposed to high concentrations of insoluble particles experience a reduction in their alveolar clearance
rates and an accumulation of interstitial particle burden (Bermudez et al., 2004; Bermudez et al., 2002;
Warheit et al.. 1997; Oberddrster et al., 1994a; Oberdorster et al., 1994b; Ferin et al., 1992). With
continued exposure, some rats eventually develop pulmonary fibrosis and both benign and malignant
tumors (Warheit et al., 1997; Lee et al., 1986; Lee et al., 1985a, b). Oberdorster (2002, 1996) proposed

that high-dose effects observed in rats may be associated with two thresholds. The first threshold is the

pulmonary dose that results in a reduction in macrophage-mediated clearance. The second threshold,
occurring at a higher dose than the first, is the dose at which antioxidant defenses are overwhelmed and
pulmonary tumors develop. Intrapulmonary tumors following TiO, exposures are exclusive to rats and are

not found in mice or hamsters (Mauderly, 1997). Moreover, Lee et al. (1985a) noted that the squamous

cell carcinomas observed with prolonged high concentration TiO» exposures developed from the alveolar
lining cells adjacent to the alveolar ducts, whereas squamous cell carcinomas in humans which are
generally linked with cigarette smoking are thought to arise from basal cells of the bronchial epithelium.

Quoting Lee et al. (1986), “Since the lung tumors were a unique type of experimentally induced tumor

under exaggerated exposure conditions and have not usually been seen in man or animals, their relevance

to man in questionable.”

4.3.5 Summary

For any given particle size, the pattern of particle deposition influences clearance by partitioning
deposited material between regions of the respiratory tract. Particles depositing in the mouth may
generally be assumed to be swallowed or removed by expectoration. About 80% of particles deposited in
nasal passages and the majority deposited in the tracheobronchial airways move via mucociliary transport
towards the nasopharynx and are swallowed. The primary alveolar clearance mechanism of poorly soluble
particles is macrophage phagocytosis and migration to terminal bronchioles where the cells are cleared by
the mucociliary escalator. Movement of particles into the lymphatics, both as free particles and in
macrophages, also contributes to alveolar ¢clearance. Clearance from both the tracheobronchial and
alveolar region is more rapid in rodents than humans. Mucociliary and macrophage-mediated clearance

decreases with age beyond adulthood.

A small fraction of nanoparticles (<100 nm) depositing in the alveolar region translocate rapidly
(<1 hour) from the lungs in a size dependent manner. The fraction of nanoparticles translocating from the
peripheral lung into circulation is generally low (less than a fraction of a percent) for larger nanoparticles
(18—80 nm), but can approach several percent for extremely small particles (1.4—2.8 nm). Particle
translocation has not been reported for particles larger than 200 nm. Translocation has now been reported
in both a human study as well as numerous animal studies. Of particles found in circulation following
delivery to the lung, the majority (~95%) arrive via the lung’s air blood barrier with the remainder (~5%)

coming from gastrointestinal absorption. These particles are cleared from circulation fairly rapidly (hours
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to days) by accumulation predominately in the skeleton, soft tissues, and fat and secondarily by
accumulation within the liver and spleen. Particles injected into circulation, however, accumulate
predominately within the liver, suggesting a differing protein corona from those derived from the lung
and gastrointestinal tract. Following nanoparticle inhalation or ingestion, particles may be identified in the
blood out to a month post-delivery. This longer-term presence of particles in the blood is believed to
result from continued particle clearance from the lung. Some limited new evidence in rodents suggests a

small fraction of nanoparticles may also reach fetuses.

The translocation of particles from the olfactory mucosa via axons to the olfactory bulb has been
reported in primates, rodents, and freshwater pike for numerous compounds of varying composition,
particle size, and solubility. The rate of translocation is rapid, perhaps less than an hour. Axonal transport
of poorly soluble particles is thought to be limited to those under 200 nm in diameter. It is unclear to what
extent translocation to the olfactory bulb and other brain regions may occur. The most extensive study of
olfactory translocation has been for manganese compounds. For manganese particles, most of the
manganese found in brain regions beyond the olfactory bulb is believed to derive from the blood rather
than from the olfactory bulb. New particle deposition modeling suggests that deposition on the olfactory
mucosa with subsequent translocation to the olfactory bulb may be important in humans as well as
rodents.
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